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INTRODUCTION 
"With crack on crack of thunder, Zeus let fly 
a bolt against the ship, a direct hit, 
so that she bucked, in reeking fumes of sulphur 
and all the men were flung into the sea." 
Homer (1) The Odyssey 
Ozone is a product of electrical discharges and photochemical reac­
tions in the earth's atmosphere. Ozone's characteristic odor attracted 
scientific attention as early as 1785 (2) when van Marum, a Dutch 
physicist, noted its presence. In 1801, Cruickshank (as cited in 
Rideal (2)) and also Schonbein (3) in 1840 observed ozone's characteris­
tic odor during electrolysis and sparking experiments. Schonbein recog­
nized that this was the same substance produced by lightning during 
storms and gave the name "ozone" to this new substance. The name ozone 
was derived from the Greek word "ozein" meaning "to smell". Schonbein, 
along with other scientists, went on to characterize this new chemical 
substance thoroughly during the following years. 
Scientific discovery and advancement involving ozone was closely 
paralleled by progress in industrial applications and technology. 
Advances in the industrial technology were made so quickly that they 
often preceded a physical and chemical understanding of the industrial 
process. Almost ten years before the determination of the molecular 
formula of ozone, von Siemens (4) developed an ozone generator which was 
the prototype of the modern electrical discharge generators. The power­
ful oxidizing properties of ozone, particularly with organic matter, 
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were noted by Schonbein and were put to industrial use as early as 1868. 
Before the turn of the century, ozone was being used for sugar refining, 
linen bleaching, food preservation, artificial aging of alcoholic bever­
ages, and the deodorization of noxious gases. A major reference on 
ozone technology was published in 1904 by La Coux des Roseaux (5) which 
has over 250 pages devoted to the industrial uses of ozone. 
What proved to be the single most important industrial use of ozone 
was discovered in 1886 by de Meritens in France as cited by La Coux des 
Roseaux (5). He found that ozonated air very effectively disinfected 
polluted water. This was the beginning of the use of ozone for potable 
water treatment- Commercial water disinfection using ozone was shown 
feasible by Tindal on a pilot plant scale in Paris in 1896 (6). Between 
1902 and 1906, three full-scale water treatment plants using ozonation 
went into operation in both Germany and France. By this time, the value 
of ozone in water treatment was widely recognized and full-scale water 
treatment plants incorporating ozone appeared in several countries after 
1906. It seems likely that the first continuous water treatment process 
used in the United States incorporated ozone for water disinfection (7). 
These treatment plants were installed in Philadelphia between 1900 and 
1905 by Vosmaer (6), a native to the Netherlands, Ozonation, however, 
continued to be used predominantly in Europe where its use in water treat­
ment increased despite the economic advantages of chlorine. In 1940, 
there were 114 water treatment plants using ozonation (7). Of these 114 
plants, 90 were located in France and only two in the United States, By 
1977, 1036 plants were operating worldwide with almost 90% of these plants 
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in either France, Switzerland, or Germany (7). The United States at this 
point had only five operating plants. Interest in ozonation for water 
purification has increased very rapidly in the United States during the 
last five years and, as of 1982, there were 30 operational plants using 
ozone with an additional 13 under construction and 9 in the design stage 
(7). 
The reasons for the rapid development of ozonation for water treat­
ment are concerned primarily with the fact that ozone has several advan­
tages over other oxidants, such as chlorine (8,9). Ozone is very effec­
tive for taste, odor, and color control in the treatment of water. These 
properties of ozone are most responsible for the increased usage of 
ozonation in the United States. Chlorine is much less effective than 
ozone and, in some cases, it can make an odor problem worse, not better. 
Ozone is a good disinfectant and it is generally believed to be superior 
to chlorine. Very low levels of ozone are effective bactericides over a 
time period of seconds and viracides over a time period of minutes. 
Finally, ozone has proven to be a very powerful oxidant of organic com­
pounds in water. High dosage levels of ozone in industrial wastewater 
have been shown to either completely degrade organics to carbon dioxide 
or partially oxidize them to a more biodegradable form. At the same 
time that it forms these more biodegradable products, it is oxygenating 
the water which accelerates microbial degradation. 
There is one major disadvantage with ozone, at least at the present 
time. Comparatively little is known about the reactions of various com­
pounds with ozone in water (9,10), Although much work has been done 
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using biological oxygen demand (BOD) and chemical oxygen demand (COD) to 
measure the effectiveness of the ozone treatment, only during the past 
few years has more specific chemical information begun to accumulate. A 
background of knowledge is slowly being established about the actual 
kinetics and mechanisms of aqueous ozonations (11,12). Probably one of 
the more important questions, at least from a practical standpoint, is 
what compounds are produced when organic compounds in potable water sup­
plies, sewage, and industrial wastes are reacted with ozone. Ozone is 
capable of oxidizing most organic compounds completely to carbon dioxide 
under certain conditions. Unfortunately these conditions are not 
usually present in most water purification processes. This problem is 
aggravated by the fact that partial oxidation products are produced which 
are more resistant to further chemical oxidation than the original com­
pounds and, therefore, these partial oxidation products tend to persist 
in the water. Since ozonation is being used primarily to eliminate 
harmful or toxic compounds from water, the production of equally or even 
more toxic partial oxidation products should be avoided. 
Current methods of water treatment using chlorination are known to 
produce toxic partial oxidation products. Chlorinated organic compounds 
were discovered in the early 1970s in water supplies which had been 
treated with chlorine (13,14,15). Virtually all of these chlorinated 
organic compounds tend to persist in the environment and bioaccumulate. 
Many of these compounds have been shown to be toxic or oncogenic. The 
trihalomethanes produced from the chlorination of humic and fulvic acids 
are the most widely recognized products of chlorination, although 
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chlorinated phenols and polynuclear aromatic hydrocarbons have also been 
shown to exist. 
The question of what ozonation by-products are or could be produced 
is just beginning to be addressed. One of the best ways to study this 
problem is to treat natural or wastewater with ozone and characterize 
the products which are produced. Because of difficulties using this 
approach, only a few reports have been published (16-20). In general, 
natural waters containing humic and fulvic acids yielded many hydroxy 
aromatic compounds, alkyl phthalates, and aliphatic acids. Studies 
involving the ozonation of wastewater demonstrated elevated levels of 
aliphatic aldehydes and acids, alkanes, and aromatic hydrocarbons after 
treatment with ozone. Unfortunately, the precursors for many of these 
compounds were not known. Most studies which characterized incomplete 
ozonation products were done using model compounds. A few of these 
studies have involved aliphatic alcohols, ketones, acids (21,22), amino 
acids, and a sugar (23), but most have involved benzene derivatives 
(24-29) and polynuclear aromatic compounds (30-37). The increased in­
terest in the benzene derivatives was due to the fact that many, such as 
the phenols, are toxic and known to be present in industrial wastes. 
Interest in the polynuclear aromatic compounds has been generated 
because of the compounds' toxicity, oncogenicity, or even carcinogenicity 
and the possibility that ozone might promote the formation of epoxides 
from these compounds. Epoxides, in general, show a tendency to be toxic 
and carcinogenic (38). Good examples are the active forms of the well-
known carcinogens benzo(a)pyrene and the aflatoxins. Thus far. 
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experimental evidence has given no strong indication that epoxides are 
formed by the ozonation of polynuclear aromatics, however, more work 
needs to be done in this area. 
The purpose of this dissertation research is to characterize the 
partial ozonation products of the methyl- and dimethylnaphthalenes in 
water. The reasons for conducting this investigation are primarily en­
vironmental as explained in the previous paragraphs. The methyl- and 
dimethylnaphthalenes are known contaminants of potable water supplies at 
trace levels (39) and they are principal constituents of crude oils and 
oil products (40) which regularly contaminate our water systems. 
Naphthalene and its methyl derivatives are generally more soluble in 
water than the higher molecular weight fused ring aromatic compounds and 
consequently their partial ozonation products are a major concern. The 
other reasons for conducting this research are more theoretical in nature. 
With only a few exceptions, not much was known about the mechanisms of 
aqueous ozonation until recent years. There have been four reports of 
the reaction of the parent molecule, naphthalene, with ozone in water 
(34-37), but only two of these reports had any specific information on 
the mechanism or products produced. In contrast, there have been many 
investigations of the ozonation of naphthalene in organic solvents and 
much is known about the actual mechanisms involved. Unfortunately 
there have been no studies involving the aqueous ozonation of the methyl-
and dimethylnaphthalenes and specific information on the reactions of 
these methyl analogues in organic solvents is inadequate. 
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The approach used in this study involves the ozonation of 1- and 
2-inethylnaphthalene and 1,2-, 1,3-, 1,4-, and 2,3-dimethylnaphthalene in 
water as well as in hexane and methanol. The products are characterized 
for each compound in the three different solvents. Since the concentra­
tions of the products present in the water reactions are quite low, 
sensitive instrumental techniques such as capillary gas chromatography 
and capillary gas chromatography-mass spectrometry are used as the 
primary methods of product characterization. Some background knowledge 
has been established for the reaction of these compounds in organic 
solvents and this is used to facilitate an understanding of the mecha­
nisms and products produced in water as well as in hexane and in methanol. 
The particular isomeric dimethyInaphthalenes were chosen for two reasons. 
The first reason is that the alkyl substitution can have a strong effect 
on the orientation of the reaction and the products produced when ozone 
attacks an unsaturated system (10,41), The second reason is that the 
methyl groups can act as a structural tag, much as an isotopic label, 
and this should aid in the mass spectral identification of unusual 
products. 
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LITERATURE REVIEW 
The reactions of naphthalene and its derivatives with ozone are de­
scribed in detail in this section of the dissertation. This review of 
the literature is divided into two parts. The first part describes the 
reactions of ozone with the naphthalenes in nonparticipating solvents 
such as carbon tetrachloride and chloroform. The second part describes 
the reactions in participating solvents such as methanol and water. The 
terms, participating and nonparticipating, refer to whether or not the 
solvent is involved or "participates" in the reaction. The nature of 
the solvent is an important variable in all ozonolysis^  reactions since 
the mechanisms and frequently the products are different for reactions 
which occur in the two types of solvents. The approach used in this 
section is also an historical outline of the literature. Early studies 
of the ozonolysis of the naphthalenes normally used nonpar tic ipat ing 
solvents as the reaction medium. It was not until the late 1950s that 
the corresponding reactions in participating solvents were studied. 
Ozonolysis of Naphthalene and Derivatives in Nonparticipating Solvents 
The first reported reaction of naphthalene or any of its deriva­
tives with ozone was published in 1905 (42) . Harries reacted 
naphthalene with ozone in chloroform to produce an unstable, peroxidic 
The term ozonolysis refers specifically to the addition of ozone 
to the multiple bond of an unsaturated organic compound and the eventual 
breaking or "lysis" of this multiple bond. Ozonation or ozonization are 
more general terms referring to the reactions of ozone. 
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solid which appeared to be a diozonide by elemental analysis. They 
postulated a structure for the diozonide which was consistent with the 
theory of the ozonolysis of alkenes popularly held at the time. The 
structure of the diozonide is shown in Scheme 1. Their results depicted 
naphthalene reacting as a simple alkene with the two double bonds 
localized between carbon atoms 1 and 2, and carbon atoms 3 and 4, in the 
naphthalene ring system. The hydrolysis of this diozonide yielded 
phthalaldehyde as well as some phthalic acid. 
Several years later, Seekles (43) noting the original findings by 
Harries and Weiss performed the ozonolysis of naphthalene in dry ethyl 
acetate. Seekles was primarily interested in using the reaction as an 
easy preparation of phthalaldehyde. His yields of the dialdehyde, how­
ever, were very low. He did isolate large amounts of 2-formylbenzoic 
acid. 
A paper appearing in 1946 (44) by Wibaut and Van Dijk reported a 
mechanistic study involving the ozonolysis of 2,3-dimethyInaphthaiene 
and 1,4-dimethylnaphthaiene. This was the first of several papers 
which were concerned with the bond structure of the naphthalene ring 
system and its associated reactivity. Although it had been some 50-80 
years since Kekule, Erlenmeyer, Graebe, Marckwald, and Erdmann had 
published their classical papers on the bond structures of naphthalene, 
much controversy still existed over the positions of the double bonds 
and their ability to migrate. It was believed that ozone could react 
with either of two fixed double bond configurations: the Erlenmeyer-
Graebe symmetrical structure or the Erdmann unsymmetrical structure. 
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The structures are pictured in Scheme 2. Wibaut and Van Dijk sought to 
eliminate some of this controversy by reacting the two dimethylnaphtha-
lenes with ozone in chloroform and analyzing for the two-carbon molecules 
that were released when the ozonides of adjacent double bonds were 
hydrolyzed. These two-carbon products would be glyoxal, methylglyoxal, 
and ditnethylglyoxal depending on which ring was attacked and the loca­
tion of the double bonds relative to the methyl substituents. None of 
the aromatic products were analyzed. Based on their results, Wibaut and 
Van Dijk made lengthy arguments for one fixed bond structure or the 
other, but their conclusion finally was that both structures appeared to 
contribute to the results. The double bonds evidently were capable of 
migrating within the b icy die ring system. 
Kooyman (45) and Kooyman and Ketelaar (46) later clarified the 
interpretation of Wibaut and Van Dijk results in terms of the then new 
theory of resonance. He postulated that an approaching ozone molecule 
localized a double bond between the carbon atoms 1 and 2, and not 2 and 
3, because only in the former case would the resonance energy of the 
adjacent benzene ring be left intact. Once the ozonide between carbon 
atoms 1 and 2 was formed, the double bond which must exist between car­
bons 3 and 4 would react very quickly since it is now equivalent to an 
isolated double bond. 
Wibaut and Kampschmidt (47), Wibaut and co-workers (48), and 
Kampschmidt and Wibaut (49) subsequently published three papers in 1950 
and 1954. The first two again dealt with the reactions of naphthalene 
and 2,3-dimethylnaphthalene with ozone in chloroform. Wibaut and 
Kampschmidt provided further proof for the formation of a diozonide by 
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measuring ozone uptake versus time for the reaction of napthalene and 
2,3-dimethylnaphthalene. They found that after the consumption of two 
moles of ozone per mole of naphthalene, very little additional ozone 
reacted. There was no evidence for the formation of a triozonide, 
although the formation of a pentozonide did occur very slowly after the 
initial addition of two moles of ozone. 
The analysis of the aromatic products for 2,3-dimethylnaphthalene 
substantiated the greater reactivity of the methylated ring to diozonide 
formation. This result hinted at the electrophilic character of ozone's 
initial attack since it was known that alkyl substituents on a benzene 
or naphthalene ring activate that ring toward reaction with electrophilic 
reagents. The major products due to the decompositions of the ozonide 
for 2,3-dimethylnaphthalene were, therefore, phthalaldehyde and dimethyl-
glyoxal and the minor products were 4,5-dimethylphthalaldehyde and 
glyoxal. Along with the mechanism of Kooyman discussed earlier, Wibaut 
and Kampschmidt suggested that the initial approach or attack of ozone 
on the "localized" double bond may be strongly electrophilic in nature 
as shown in Scheme 3. Both of these concepts were to prove to be very 
important mechanistic interpretations for the ozonolysis of naphthalene. 
In 1954, Wibaut and Kampschdmit reviewed their previous results with 
naphthalene and 2,3-dimethylnaphthalene and presented additional support 
for their theories by characterizing 1,2-diacetylbenzene as the aromatic 
product from the reaction of 1,4-dimethylnaphthalene. Products re­
sulting from the attack on the unmethylated ring of 1,4-dimethyl­
naphthalene were not found. 
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At this time, researchers had established several facts about the 
reaction of ozone with naphthalene. They knew that ozone reacted with 
two double bonds in the naphthalene ring system. Further attack on the 
double bonds in the remaining benzene ring occurred only very slowly. 
Although they were aware of the migration of the double bonds in the 
aromatic ring system, they realized that naphthalene reacts with ozone 
as if the two double bonds were fixed between the 1,2 and 3,4 carbon 
atoms. The initial attack of the ozone molecule also appeared to be 
somewhat electrophilic so that electron donating substituents activated 
the naphthalene ring towards attack by ozone. Finally, it was known that 
the diozonide which formed after the addition of two molecules of ozone 
could be hydrolyzed to one or more of three products, phthalaldehyde, 
2-formylbenzoic acid, or phthalic acid. 
There were also several questions which were not answered. Some 
of the most important of these questions were concerned with the exact 
structure of the diozonide and how it decomposes to the observed prod­
ucts. A hint to the answer of one of these questions came in the 1950s 
when researchers became aware of the work of Rudolf Criegee. Most of 
Criegee's investigations in the period of 1949 to 1957 (50) dealt with 
the ozonolysis of simple alkenes, but the mechanism he developed could 
be applied easily to the reaction of many aromatic systems including 
naphthalene. The Criegee mechanism of ozonolysis for a simple alkene 
is shown in Scheme 4. The structure of the first intermediate fl] in 
Criegee's scheme was unknown. It is generally accepted today to be a 
1,2,3-trioxalane ring. It was assumed to be very unstable and to cleave 
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very easily to the zwitterion [2] and an aldehyde or a ketone. It was 
the zwitterion, or "carbonyl oxide" that came to be known as the Criegee 
intermediate. The carbonyl oxide was the key intermediate in his 
mechanistic scheme. Criegee's mechanism was almost universally accepted 
as the best explanation for the products observed after the ozonolysis 
of naphthalene. For instance, P. S. Bailey published a review article 
(51) in 1958 on the general reactions of ozone with organic compounds 
and discussed the Criegee mechanism in detail. The studies involving 
the ozonolysis of naphthalene and derivatives were reviewed and the 
mechanism of ozonolysis for naphthalene that Bailey presented was the 
Criegee mechanism. The double bonds between carbon atoms 1 and 2, and 
3 and 4, were broken sequentially to yield a carbonyl oxide and an 
aldehyde in each case as shown in Scheme 5. With the breaking of the 
second double bond, a monomeric or possibly polymeric mono-ozonide was 
formed as shown in Scheme 5. This mechanism that Bailey presented in 
his review is actually close to the version accepted today for the 
reaction of ozone with naphthalene in nonparticpating solvents. 
In 1959, a short communication by Copeland. Dean, and McNeil (52) 
reported the results of the ozonolyses of several aromatic hydrocarbons. 
Reaction conditions were not described, but the reactions were probably 
performed in chlorinated solvents as described in later papers (53-55). 
They reported on the ozonolysis of fluoranthene, shown in Scheme 6, 
which produced fluorenone-l-aldehyde or fluorenone-l-carboxylic acid 
depending on whether a reductive or oxidative workup was used. The 
results for acenaphthylene, shown in Scheme 7, depended on whether one 
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mole or three moles of ozone were absorbed. Unlike other derivatives of 
naphthalene, acenaphthylene could easily add one molecule of ozone 
across carbons 1 and 2 to give 1,8-naphthalic anhydride. The molecule 
could then add an additional two molecules of ozone to the naphthalene 
ring system to yield 2,3-dicarboxybenzoic acid. 
The communication by Copeland and co-workers ushered in a series of 
articles starting in 1960 (53-55) which dealt with the ozonolysis of 
aromatic hydrocarbons. Copeland and co-workers were interested primarily 
in product analysis, although they did predict mechanisms for the prod­
ucts that they isolated. Criegee's influence was once again evident in 
the mechanisms they postulated. The first paper of the series (53) dis­
cussed the reaction of 2,3-benzofluorene, a naphthalene derivative, with 
ozone in chloroform. The ozonolysis was followed by an oxidative workup. 
The structure of 2,3-benzofluorene and the three products of ozonolysis 
are shown in Scheme 8. The 2,3-dicarboxyfluorene was presumed to result 
from the normal attack of the unsubstituted ring of the naphthalene 
moiety by two molecules of ozone as observed in other studies. The 
phthalic acid and homophthalic acid products were presumably produced by 
ozone reacting at the substituted ring. The amount of the products 
isolated indicated only a slight preference for attack of the substituted 
ring. 2,3-Benzofluorenone was also reacted under the same conditions 
and yielded similar results. Fluorenone-2,3-dicarboxylic acid and 
phthalic acid were obtained as the only products. No homophthalic acid 
was obtained since the starting material had a carbonyl in the bridge 
position instead of a methylene group. A larger yield of the 2,3-diacid 
19 
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was obtained in this case which indicated a stronger preference for 
reaction of the unsubstituted ring. This was consistent with the data 
and theories of earlier workers since the carbonyl group will deactivate 
the adjacent ring to electrophilic attack by the ozone. Therefore, it 
was concluded that ozone reacted preferentially with the unsubstituted 
ring. 
The second paper (54) in the series published by Copeland and co­
workers presented the results for the ozonolysis of 5,12-dihydronaph-
thacene as shown in Scheme 9, The ozonolysis was performed in a chlori­
nated solvent and was again followed by an oxidative workup. The prod­
ucts obtained depended on the number of moles of ozone allowed to react. 
When two moles of ozone reacted, 5,12-naphthacenedione was the major 
product. An additional one to two moles of ozone would then react with 
the naphthalene moiety in the normal manner to produce 5, lO-anthra-
cenedione-2,3-dicarboxylic acid and phthalic acid as shown in Scheme 9. 
Again the ozone reacted predominantly with the unsubstituted ring for 
the same reasons discussed earlier. The formation of the quinone was 
but one example of atom or "para" attack. This mode of reaction was not 
commonly observed in the reaction of naphthalene or any of its deriva­
tives and, therefore, will not be discussed further. Detailed dis­
cussions on atom versus bond attack can be found elsewhere (10), 
The third paper (55) in the series by Copeland and co-workers in­
volved the ozonolysis of 1- and 2-phenylnaphthalene in chloroform. 
After an alkaline peroxide workup of the initial ozonolysis products, 
the 1-phenyl Isomer yielded equal amounts of 2-benzoylbenzoic acid and 
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3-phenylphthalic acid. Attack at the substituted and unsubstituted ring 
evidently occurred with equal probability. The 2-phenyl isomer yielded 
approximately 30% 4-phenylphthalic acid, 30% phthalic acid, and 20% 
benzoic acid again indicating equal attack at the two rings. 
Tivo publications by Bernatek and co-workers in 1962 (56) and 1965 
(57) dealt with the ozonolysis of 1- and 2-naphthol and 2,3-dihydroxy-
naphthelene in ethyl acetate. The investigations were concerned with 
the exact mechanism of ozonolysis of the naphthols and provided much 
supporting evidence for the mechanistic scheme set down in Wibaut's 
time. The first study compared the reactions of 1- and 2-naphthol with 
two moles of ozone per mole of naphthol. Bernatek and Frengen noted the 
formation of large amounts of peroxidic products immediately after 
ozonolysis which were subsequently hydrolyzed at room temperature. For 
1-naphthol, 2-formylbenzoic acid and phthalic acid were the only aromatic 
products isolated. The ozone reacted exclusively with the hydroxylated 
ring since this ring was strongly activated for electrophilic attack. 
2-Naphthol gave relatively large amounts of the mono-ozonolysis products 
(Z)-3-(2-carboxyphenyl)-(2)-propenoic acid and (Z)-3-(2-formylphenyl)-(2)-
propenoic acid as well as the two carbon aromatic products phthalic acid 
and phthalaldehyde. The ozonolysis products are shown in Scheme 10. 
Isolation of the mono-ozonolysis products was proof that the ozonolysis 
of the two double bonds in the naphthalene ring system occurred stepwise, 
as predicted earlier. The reason that the mono-ozonolysis products were 
isolated in this case was evidently due to the fact that the first double 
bond, which is aromatic, reacted faster than the second double bond 
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which was a "normal" alkene. Bernatek and Frengen suggested that the 
ozone, which would have reacted normally with the second double bond, was 
evidently Involved in side reactions. Ifhen only one mole of ozone per 
mole of 2-naphthol was allowed to react, they found even higher yields 
of the two mono-ozonolysis products and very little of the aromatic 
products resulting from the diozonide. Even 1-naphthol yielded some of 
the mono-ozonolysis product, (Z)-3-(2-carboxyphenyl)-(2)-prcpenoic acid, 
when equimolar amounts of ozone and the naphthol were reacted. The total 
yields indicated that 1-naphthol was not nearly as likely to produce the 
mono-ozonolysis products as the 2-naphthol, but no explanation was given. 
The ozonolysis of 2,3-dihydroxynaphthalene was also performed in ethyl 
acetate as for 1- and 2-naphthol. After two moles of ozone were 
absorbed and the initial ozonolysis products were hydrolyzed, Bernatek 
and Vincze isolated phthalic acid as the only aromatic product. The 
authors assumed that the yield of phthalic acid was due only in part to 
direct ozonolysis of the two double bonds of the hydroxylated ring. Some 
of phthalic acid probably resulted from the oxidation of 2-formylbenzoic 
acid by the peroxides in the reaction mixture. Bernatek and Vincze 
also isolated a substantial amount of formic acid which they reasoned 
could have only come from carbon atoms 1 or 4 of the hydroxylated ring. 
The formic acid must have been produced after attack by one molecule of 
ozone and a rearrangement which would produce the aromatic keto-acid 
shown in Scheme 11. No evidence was found for this keto-acid. 
In 1964, P. S. Bailey and co-workers published a paper (58) of 
which a small portion dealt with the structure of the ozonide which 
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occurs after naphthalene reacts with two molar equivalents of ozone in 
hexane. On the basis of infrared spectral comparisons of the ozonides 
of naphthalene, 2,3-dimethylnaphthalene, and 2-methoxynaphthalene, the 
ozonide was definitely not the monomeric mono-ozonide shown in Scheme 5 
as Bailey had originally believed. Since the reaction of the ozonide of 
2,3-dimethylnaphthalene with 2,4-dinitrophenylhydrazine gave 2,4-dinitro-
phenylhydrazones of both aromatic and aliphatic products, all of the 
carbon atoms had to be present in the ozonide. Bailey and co-workers 
assumed, therefore, that the ozonide was either a monomeric or a poly­
meric diozonide. They favored the monomeric diozonide because of the 
crystallinity and instability of the material. The structure of the 
monomeric diozonide is shown in Scheme 12. 
Scheme 12 
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From the mid-1960s to the present, there were only a few papers 
published dealing with the ozonolysis of the naphthalene derivatives in 
nonparticipating solvents. Probably the major reason for this was the 
fact that P. S. Bailey and co-workers published two detailed mechanistic 
studies on the reaction of naphthalene with ozone in participating sol­
vents in 1964. These two studies will be discussed in detail in the 
next section. 
There was one paper (59) published in 1971 by Razumovskii and Zaikov 
which dealt with the kinetics of the reaction of various aromatic hydro­
carbons with ozone in carbon tetrachloride. They measured and compared 
the rates of reaction for benzene, naphthalene, phenanthrene, pyrene, 
anthracene, and several alkenes making the observation that the rates 
increase with decreasing resonance energy in the aromatic system. 
In 1973, there was another paper (60) by two Russian authors, 
Komissarov and Komissarova, which made a very interesting observation 
about the ozonolysis of naphthalene in carbon tetrachloride. They found 
that 1-naphthol was produced as a minor product with a yield of approxi­
mately 0,3% based on the amount of ozone consumed. Their result was 
consistent with the results found for ttie reaction of benzene with ozone 
where small amounts of phenol were produced. This was direct evidence 
for the fact that ozone does not react exclusively by 1,3-dipolar cyclo­
addition when reacting with the naphthalene ring system, Electrophilic 
attack on the ring system with the evolution of oxygen must be a very 
minor competing reaction. 
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Russian researchers also investigated the solution ozonolysis of a 
naphthalene-benzene copolymer (61). The investigators were using solu­
tion ozonolysis for structure elucidation of the polymer. The only 
result pertinent to this discussion was that the ozone reacted predomi­
nantly with the substituted ring of the polymerized naphthalene. 
In 1982, P. S. Bailey published volume II of his monograph entitled 
Ozonation in Organic Chemistry (10). Chapter IV, Section II of this 
volume contains a good discussion of the currently accepted mechanism 
for the ozonolysis of naphthalene in nonparticipating solvents as 
presented by Bailey. That mechanism is shown schematically in Scheme 
13. Ozone is now known to add to the first double bond predominantly by 
a 1,3-dipolar cycloaddition. It is likely that in the transition state 
for this cycloaddition, the electrophilic oxygen atom of the ozone 
molecule is more strongly bonded than the nucleophilic oxygen. There is 
some experimental evidence that ozone adds to the double bond by a two 
step electrophilic mechanism as a minor reaction pathway (60). Regard­
less of the exact mechanism, the ozone does add to the two double bonds 
in a stepwise manner. There is strong evidence for this from the earlier 
literature (56) for the reactions of 1- and 2-naphthol. When no sub-
stituents or less strongly activating substituents are present, one 
would not expect to isolate the mono-ozonolysis products, but the reac­
tion with ozone would still be expected to occur stepwise. The primary 
ozonide which is formed initially is cleaved to an aldehyde and a 
carbonyl oxide in accordance with the Criegee mechanism for ozonolysis. 
The aldehyde and the carbonyl oxide evidently do not cyclize to a 1,2,4-
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trioxalane ozonide as would be expected for a simple alkene. One reason 
why this probably does not occur is that it has been shown with studies 
involving cyclohexenes that the resulting aldehyde or ketone and the 
carbonyl oxide tend to undergo intermolecular rather than intramolecular 
reactions. The six carbon, cyclic ozonides are not formed very easily. 
It seems unlikely then that the monomeric diozonide structure in Scheme 
12 which Bailey once favored (58) is the actual structure of the 
diozonide. Two of the statistically unlikely cyclizations of carbonyl 
oxide and aldehyde would have to occur for this monomeric diozonide 
structure to be correct. Since cyclization to a 1,2,4-trioxalane struc­
ture does not occur for either double bond, the reaction yields an 
aromatic and a two carbon alphatic product with carbonyl and carbonyl 
oxide functionality as shown in Scheme 13. The diozonide that precipi­
tates from the nonpolar solvent in which these reactions are usually 
performed is probably an irregular copolymer of these aromatic and 
aliphatic carbonyl oxides. This polymeric diozonide can then undergo 
reductive, oxidative, or hydrolytic cleavage to give the products shown 
in Scheme 13. 
Ozonolysis of Naphthalene and Derivatives in Participating Solvents 
The first report of the ozonolysis of a naphthalene derivative in a 
participating solvent was in a review by Rudolf Criegee in 19l50 [62), 
Criegee reacted acenaphthylene with ozone in methanol to yield the meth-
oxyhydroperoxide shown in Scheme 14. Acenaphthylene is an exception 
among derivatives of naphthalene in that it reacts much the same as the 
simple alkenes absorbing only one mole equivalent of ozone. The 
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methoxyhydroperoxide product was also analogous to what was found when 
simple alkenes were reacted with ozone and it was this product that pro­
vided some of the strongest evidence for the existence of the carbonyl 
oxide. This key intermediate in Criegee's mechanism of ozonolysis would 
be expected to react with a nucleophile as shown in Scheme 15. Thus, 
performing the reaction in a nucleophilic solvent might be expected to 
trap the carbonyl oxide as a hydroperoxide. This was found to be the 
case. 
Other than the brief mention of the reaction of acenaphthylene in 
1950, interest in the ozonolysis of naphthalene derivatives in partici­
pating solvents did not really become apparent until 1957. Phillip S. 
Bailey was largely responsible for sparking this interest. Bailey and 
Garcia-Sharp published a short communication (63) reporting the reaction 
of naphthalene in methanol with two mole equivalents of ozone to produce 
a colorless crystalline peroxide. The structure of the peroxide as 
shown in Scheme 16 was determined by elemental analysis, infrared spec­
troscopy, and chemical tests. The aromatic zwitterion or carbonyl 
oxide shown in Scheme 16 was believed to be the precursor to cyclic 
peroxide as indicated. Bailey and Garcia-Sharp also reasoned that since 
there was a strong indication that the aromatic carbonyl oxide existed, 
it might also be the precursor to the crystalline, unstable ozonide 
formed in inert solvents. They favored the monomeric ozonide structure 
shown in Scheme 16 as discussed earlier. The results presented in this 
communication were only preliminary. Bailey and co-workers would 
publish two full papers on some very detailed mechanistic studies of 
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the ozonolysis of the naphthalene derivatives in about five years. In 
the meantime, several investigations involving ozonolyses in partici­
pating solvents were reported by other researchers. 
In 1960, Callighan and co-workers reported (64) the ozonolysis of 
fluoranthene in several solvents including anhydrous and aqueous 
t-butanol, methanol, and aqueous acetone. The results of the ozonolyses 
are shown in Scheme 17. The authors assumed that the reactions in 
t-butanol and methanol proceeded in a manner similar to what Bailey and 
Garcia-Sharp suggested in 1957 (.63) except that the cyclic peroxide did 
not form. They had chemical evidence which indicated that the inter­
mediate present was the uncyclized t'-butoxyhydroperoxide shown in 
Scheme 17. Hydrolysis yielded both, the fluorenone-l-aldehyde and the 
fluroenone-l-carboxylic acid. Th.e carboxylic acid presumably resulted 
from the oxidation of the aldehyde by hydrogen peroxide which was present 
in solution. Reactions in aqueous t-butanol and aqueous acetone followed 
by an aqueous sodium bicarbonate workup tended to give much higher yields 
of the fluorenone-l-aldehyde relative to the acid. The ozonolysis in 
methanol yielded roughly equal amounts of the aldehyde, acid, and the 
dimethyl acetal of the aldehyde. The formation of the acetal is not 
surprising since the reaction solutions contain methanol and at least 
trace amounts of the acid catalyst from the acidic products of the 
ozonolysis. 
Ozonolysis of acenaphthylene was performed in methanol and 
t-butanol in 1961 (65) by Callighan and co-workers. The results are 
shown in Scheme 18. Acenaphthylene, as mentioned previously, reacts 
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with only one mole of ozone at the double bond between carbon atoms 1 
and 2. The initial product of ozonolysis in t-butanol was a t-butoxy-
hydroperoxide similar to what was found for the reaction of fluoranthene. 
When methanol was the solvent, the cyclic peroxide was isolated and 
characterized as shown in the scheme. Apparently the less bulky methoxy 
group allowed cyclization of a hydroperoxide intermediate. The only 
other products of the reaction observed in the methanol solution without 
workup were 8-formyl-l-naphthoic acid and methyl 8-formyl-l-napthoate. 
Both compounds existed in the cyclic form shown. When the product mix­
ture was worked up with sodium hydroxide, 1,8-naphthalide was formed, 
presumably due to an intermolecular Cannizzaro reaction. The authors 
also noted that the cyclic peroxide was apparently sensitive to heat so 
that refluxing the peroxide in methanol produced methyl 8-formyl-l-
naphthoate. Two years later it was shown that 1,8-naphthalic acid could 
be produced easily in one step by performing the ozonolysis of 
acenaphthylene in aqueous alkaline hydrogen peroxide (66). The hydro­
carbon was reacted as an emulsion with the aid of a surfactant. With 
water as the participating solvent, the reaction goes through a hydroxy-
hyrdoperoxide intermediate analogous to the intermediate in methanol. 
The reaction sequence is shown in Scheme 19. It is the hydroxyhydro-
peroxide intermediate which is oxidized by the aqueous hydrogen peroxide. 
The ozonolysis of the isomeric methylnaphthalenes in methanol was 
reported by Callighan and Wilt in 1961 (67). The reaction of the 
methylnaphthalenes was quite interesting because of the difficulty in 
characterizing products after absorption of two moles of ozone. The 
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expected cyclic peroxide for 1-methylnaphthalene shown in Scheme 20 was 
identified after acetalization by infrared spectroscopy and elemental 
analysis. Unlike the previous two compounds investigated by Callighan 
and co-workers (64,65), the yield was very low. There was chemical 
evidence for the existence of the uncyclized hydroperoxide. Refluxing 
of the peroxidic methanol solution destroyed the peroxides present and 
produced 3-methoxy-3-methyIphthaiide in low yield. Other uniden­
tified products were also present. They thought it reasonable to 
assume that a reductive workup of the peroxidic components would yield 
2-acetylbenzaldehyde, however, when reduced with potassium iodide, none 
of the aldehyde was found. In fact, they failed to separate and identify 
any of the products from the reductive workup. Finally, no products 
were identified which indicated that the ozone attacked the unsubstituted 
ring. 
The isolation of pure products in good yield was even more diffi­
cult for 2-methylnaphthalene. All attempts to isolate the crystalline 
cyclic peroxide failed. Acid hydrolysis of the peroxidic oil, after 
evaporation of the methanol, gave only a fair yield of cyclized 
2-forraylbenzoic acid as shown in Scheme 20. 
In 1962, Callighan and co-workers followed up the previous work on 
the methylnaphthalenes with a report of the ozonolysis of acenaphthene 
in methanol (68). The results are shown in Scheme 21. Acenaphthene is 
structurally very similar to 1-methylnaphthalene and one would expect 
the reaction to proceed in the same manner yielding analogous ozonolysis 
products. They did not bother to characterize the peroxidic material 
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in this study, but did isolate l-indanone-7-carboxylic acid as a product. 
This acid is analogous to the 2-acetylbenzoic acid found for 1-methyl-
naphthalene. Reduction of the ozonolysis product mixture did produce 
reasonable yields of 7-formyl-l-indanone and its dimethylacetal. The 
corresponding keto-aldehyde for 1-methylnaphthalene was not obtained. 
There was a report in 1963 (69) which briefly described the ozonoly­
sis of acenaphthylene to products which were synthetic intermediates. 
When a stream of ozone in oxygen was used, the major product after re­
ductive workup was 8-formyl-l-naphthoic acid as was observed previously 
by Callighan and co-workers (65), When a stream of ozone in nitrogen 
was used, a cyclic hydrate of 8-formyl-l-naphthaldehyde was formed. 
In 1964, Bailey and co-workers published two papers (58,70) which 
were probably the most important in elucidating the exact mechanism of 
ozonolysis for the naphthalenes in participating solvents. The first 
paper dealt with the characterization of the aromatic products resulting 
from the ozonolyses of naphthalene, 2,3-dimethylnaphthalene, 2-hydroxy-
naphthalene, 2-methoxynaphthaiene, and 2-ethoxynaphthalene in methanol. 
The ozonolysis of naphthalene produced the uncyclized methoxyhydroper-
oxide which cyclized to the stable, crystalline peroxide or hemiper-
acetal, as shown previously in Scheme 16, The 2,3-dimethylnaphthalene 
and 2-naphthol produced the same hemiperacetal, presumably by the same 
pathway. Support for this mechanism came from the analysis of the two-
carbon products in addition to the characterization of the aromatic 
peroxide. The two-carbon, aliphatic hydroperoxides were too unstable 
to isolate and analyze directly, but Bailey and co-workers were able to 
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analyze their decomposition products quantitatively by gas chromatography. 
These aliphatic hydroperoxides decomposed to an acid and an ester by a 
rearrangement as shown in Scheme 22. The results for the aliphatic 
products of the naphthalenes were compared with the results of several 
alkenes known to give the same aliphatic hydroperoxides upon ozonolysis. 
Naphthalene yielded formic acid and methyl formate as expected. 
2,3-Dimethylnaphthalene yielded acetic acid and methyl acetate with 
trace amounts of formic acid and methyl formate being produced, pre­
sumably from the ozonolysis of the unsubstituted ring. 2-Naphthol 
yielded methyl formate and carbon dioxide as one would expect. The 
aliphatic products for 1- and 2-methylnaphthalene and 1,4-dimethyl-
naphthalene were also examined and found to be in agreement with the 
proposed mechanism. 1-Methylnaphthalene and 1,4-dimethylnaphthalene did 
give small amounts of methyl acetate which were not easily explained. 
Bailey and co-workers also reacted 2-naphthol with one mole equiva­
lent of ozone in methanol in an attempt to demonstrate the stepwise 
addition of ozone to the naphthol as had been demonstrated earlier by 
Bernatek and Frengen (56). Bailey and co-workers obtained (Z)-3-(2-car-
boxyphenyl)-(2)-propenoic acid as the only product at about a 50% yield 
after hydrolysis. They argued that this was strong evidence for carbonyl 
oxide formation at carbon atom 1 followed by eventual aldehyde formation 
at carbon atom 4 to give the isolated hemiperacetal. They gave no 
explanation why Bernatek and Frengen obtained the (Z)-3-(2-formylphenyl)-
(2)-propenoic acid along with the (Z)-3-(2-carboxyphenyl)-(2)-propenoic 
acid. 
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In contrast to these first six compounds discussed, the cleavage of 
the double bonds in 2-methoxynaphthalene and 2-ethoxynaphthalene occurred 
in a different manner. These two compounds gave the cyclic 1,4-dimethoxy 
peroxide or peracetal as shown in Scheme 23 under the same ozonolysis 
conditions. Bailey and co-workers demonstrated that the hemiperacetal 
produced from naphthalene could not be converted to the dimethoxy analog 
under the conditions of ozonolysis. They, therefore, concluded that 
this dimethoxyperacetal arose by the cyclization of a dihydroperoxide as 
indicated in Scheme 23. The cleavage of the two double bonds occurred 
in such a manner as to leave both carbon atoms 1 and 4 as carbonyl 
oxides. This is in contrast to the reaction of naphthalene where 
apparently one carbon is left as a carbonyl oxide and one as an aldehyde. 
Analysis of the aliphatic product for 2-methoxynaphthalene supported 
this conclusion. According to the above scheme, the two-carbon fragment 
would not be peroxidic so no single carbon decomposition products 
should be found by gas chromatography. None were found. The only 
aliphatic product characterized was methyl glyoxalate, the stable two-
carbon aliphatic product which was expected. The aliphatic product from 
the reaction of 2-ethoxynaphthalene was ethyl glyoxalate which is con­
sistent with the results for 2-methoxynaphthalene. 
It was obvious that there were subtle differences in the mechanism 
for naphthalene and 2-naphthol versus 2-methoxynaphthalene that account 
for the different peroxidic products. 2-Naphthol undergoes mono-ozonoly-
sis to produce the (Z)-3-(2-carboxyphenyl)-(2)-propenoic acid as the only 
product. This indicates that the first double bond which is attacked 
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is the hydroxylated double bond. One would expect this since the 
hydroxylated double bond is the most activated to electrophilic attack. 
Now, the breaking of the first double bond must occur in a manner which 
leaves the carbonyl oxide at carbon atom 1 and the carbonyl at carbon 
atom 2. This would account for only finding a carboxyl group and not a 
formyl group attached to the benzene ring. Carbon atom 2, with the 
hydroxyl substituent, would also form a carboxyl or acid group, thus, 
accounting for the (Z)-3-(2-carboxyphenyl)-(2)-propenoic acid which was 
found. The breaking of the second double bond must now produce an 
aldehyde group at carbon atom 4 and the carbonyl oxide at carbon atom 3 
in order for the hemiperacetal to be formed. In other words, the acid 
group must stabilize the carbonyl oxide relative to the phenyl group. 
Bailey and co-workers obtained added support for the second step of the 
reaction by reacting cis- and trans-cinnamic acid as a model compound. 
The ozonolysis of cinnamic acids gave benzaldehyde and the two carbon 
methoxyhydroperoxide almost exclusively. For 2-methoxynaphthalene, it 
was assumed that the breaking of the first double bond occurred in the 
same way as for 2-naphthol. They tried to get experimental evidence for 
the reaction course by reacting the 2-methoxynaphthalene with one equiva­
lent of ozone to obtain an ortho substituted methyl cinnamate deriva­
tive, unfortunately no definite product could be characterized. The 
argument for carbonyl oxide formation at carbon atom 1 is strong though, 
since the electron-withdrawing inductive effect of the methoxyl group 
would destabilize the carbonyl oxide at position 2. This is obviously 
true for the hydroxyl group as well. The breaking of the second double 
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bond now must occur so that a carbonyl oxide is left at position 4. 
Evidently the ester group, unlike the acid group, destabilizes the 
carbonyl oxide relative to the phenyl group. Further evidence for this 
direction of cleavage came from the ozonolysis of cis- and trans-methyl 
cinnamate. Both methyl cinnamates produced largely the aromatic methoxy-
hydroperoxide. These arguments could have also been extended to explain 
the results for 2-ethoxynaphthalene, naphthalene, and 2,3-dimethyl-
naphthalene, but they did not do so at this time. Suffice it to say at 
this point that the direction of cleavage of the double bond is dependent 
critically on adjacent substituents. Bailey awaited further experimental 
results before he composed a general mechanistic scheme. This will be 
discussed in detail at the end of this section. 
In the first paper, Bailey and co-workers (58) also discussed 
briefly what nonperoxidic aromatic products could be obtained from per­
oxides formed initially. Refluxing of the methanolic reaction mixture 
of naphthalene and 2,3-dimethylnaphthalene yielded methyl 2-formyl-
benzoate. If some hydrochloric acid was present, the cyclic version 
of the methyl ester, 3-methoxyphthalide, was obtained. Hydrolysis 
could obviously yield the free acid. An oxidative workup of the reac­
tion mixture yielded phthalic acid, however, a reductive workup 
failed to yield phthalaldehyde. Evidently, the acid- or base-catalyzed 
decompositions of the peroxides occur more rapidly than the reduction 
by potassium iodide. 
A little later in 1964, Callighan and Morgan published a paper (71) 
on the ozonolysis of the coal tar product g-brazan. The compound was 
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reacted in methanol with two equivalents of ozone to produce the products 
shown in Scheme 24. The naphthalene ring system reacted as expected to 
produce the methoxyhydroperoxide which cyclized on warming to the hemi-
peracetal. The hemiperacetal could be converted to the dimethoxy per-
acetal by adding hydrochloric acid to the methanolic reaction mixture as 
described earlier by Bailey and co-workers (58). The peroxidic reaction 
decomposed predominantly into the substituted 3-methoxyphthalide. 
The unsymmetrical substitution of the benzene ring of this product 
allows positional isomerization with the aldehyde and acid func­
tionality and this was evident from the melting points of the 
products. 
A large portion of the literature from 1964 on was concerned with 
the ozonolysis of the naphthalenes to generate useful synthetic starting 
materials. Interest in an easy synthetic route to phthaladehyde had 
continued since Seekle's time and the ozonolysis of naphthalene was a 
temptingly simple route. Unfortunately, the reduction of the initial 
peroxidic products of naphthalene, generally with, potassium iodide, was 
unsuccessful. Pappas and co-workers published a short paper in 1966 
(72) which described dimethylsulfide as an excellent agent for reducing 
the ozone generated peroxides to aldehydes. Their procedure worked very 
well for the ozonolysis of naphthalene producing good yields of phthal-
aldehyde and glyoxal. 
In 1969, a patent application was described in Chemical Abstracts 
(73) for the use of tris(dialkylamino)phosphines to reduce ozonolysis 
products. The phosphine derivatives reduce the peroxides to carbonyl 
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compounds without further reduction to alcohols. Acenaphthene gave 
7-formyl-l-indanone and 1-methylnaphthalene gave the 2-acetylbenzaldehyde 
which had proven elusive to Callighan and Wilt (67). 
Shortly after Pappas and co-workers published their report on the 
use of dimethylsulfide as a reductant, they published a full paper on 
the directional effects of substituents in the ozonolysis of the naphtha­
lenes (74). They were using "directional effects" to mean which ring of 
the substituted naphthalene was attacked, unlike Bailey and co-workers 
whose "directional effects" referred to the breaking of the individual 
double bonds. The purpose of the work was to determine quantitatively 
the selectivity of ozone attack on a series of naphthalenes with elec­
tron-withdrawing substituents. Most of the previous work dealt with 
electron-donating or activating substituents, Pappas and co-workers 
felt that this information would be valuable for both mechanistic and 
synthetic reasons. They reasoned that the deactivating substituents 
should promote attack of the unsubstituted ring and provide an easy 
synthetic route to substituted phthalaldehydes and phthalic acids, They 
converted the ozonolysis products to phthalic acids with acidic hydrogen 
peroxide for their ring selectivity study. The results are shown in 
Table 1. The mole ratio of substituted and unsubstituted phthalic acids 
was determined by gas chromatography. The figures should directly 
reflect the proportional attack of the unsubstituted versus the substi­
tuted ring. The times reported refer to the time required for two mole 
equivalents of ozone to be absorbed. As expected, the reaction times 
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Table 1. The directional effects of substituents in the ozonolysis of 
the naphthalenes 
o G 
Acids mole % 
Substituted 
Time (min.) Phthalic Phthalic 
1-nitronaphthalene 225 95 5 
2-nitronaphthalene 162 87 13 
methyl 2-naphthoate 49 63 37 
2-bromonaphthalene 36 81 19 
l-chloronaphthalene 34 65 35 
2-chloronaphthalene 32 82 18 
2'-acetonaphthone 29 52 48 
naphthalene 22 
2-me thy Inaphthaiene 17 17 83 
2-me thoxynaphthalene 16 0 100 
48 
increased and the substituted phthalic acids are more selectively pro­
duced as the substituent becomes more electron-withdrawing. 
Pappas and co-workers were tempted to use dimethylsulfide as a re­
ducing agent to form the substituted phthalaldehydes from the substituted 
naphthalenes. This reagent was successfully used for the ozonolysis 
products of naphthalene as reported earlier. There were problems, how­
ever, in applying this reducing agent to the substituted naphthalenes. 
The dimethylsulfide reduced only the hydroperoxide intermediate and only 
at temperatures greater than or equal to -20"C. As has been mentioned, 
the cyclization of the hydroperoxide intermediate is initiated by 
warming the reaction mixture. The temperature at which cyclization 
occurs is dependent upon a number of factors, including the substituents 
on the benzene ring. Only in favorable cases will the reduction by 
dimethylsulfide occur before cyclization can take place. Their solution 
to this problem was the use of triphenylphosphine as a reducing agent. 
TriphenyIphosphine reduces a variety of peroxidic functionalities and 
specifically it reduces hydroperoxides at temperatures below -50°C, The 
yields of substituted phthalaldehydes were reasonably good for most of 
the substituted naphthalenes. 
Pappas and co-workers also isolated several substituted cyclic per­
oxides for the compounds they reacted. They found that 2-chloronaphtha-
lene, 2,6-dimethylnaphthalene, and 6-bromo-2-naphthol gave the corre­
spondingly substituted hemiperacetals while 2,7-dimethyoxynaphthalene, 
methyl 2-bromo-6-naphthoate, and 2-acetyl-6-methoxynaphthalene gave the 
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substituted peracetals. These results are what one would expect based 
on the previous work by Bailey. 
The ozonolysis of naphthalene with water as a participating solvent 
was shown to be a useful method for producing phthalaldehyde in 1971 
(36). Sturruck and co-workers performed the ozonolysis of naphthalene 
in aqueous acetone and reduced the peroxidic products with potassium 
iodide in acetic acid. The phthalaldehyde was then extracted from the 
aqueous solution to give yields consistently greater than 60%. A pre­
vious report (58) of attempted reduction with potassium iodide gave 
either no yield or very low yields of the dialdehyde. Presumably this 
ozonolysis went through a hydroxyhydroperoxide intermediate as shown in 
Scheme 25, which made reduction to phthalaldehyde easier. The authors 
did isolate the cyclic form of the hydroxyhydroperoxide shown by ex­
tracting it from the reaction mixture and recrystallizing it. The cyclic 
dihydroxyperoxide was characterized by elemental analysis and comparison 
to an authentic standard. 
Papers dealing with ozonolysis of the naphthalenes in participating 
solvents were very sparse through the 1970s » There was one report by 
Cora and Smigielski (75) on a synthetic route to 1,2-diacetylbenzene 
involving the ozonolysis of 1,4-dimethylnaphthalene» The authors ob­
tained a reasonable yield of o-diacetylbenzene by performing the 
ozonolysis at low temperature in methanol. 
The mid to late 1970s brought renewed interest in ozonolysis in 
general, but not for the mechanistic or synthetic reasons given pre­
viously. Ozonation was and still is a possible alternative to 
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chlorination for water purification, but there was little scientific data 
on the reaction of organic compounds in water. Thus, several groups 
began some systematic studies involving the ozonation of various com­
pounds in water. Chen and co-workers (32) in 1979 investigated the 
ozonolysis of acenaphthene and acenaphthylene in water as well as in 
methanol and hexane. The reactions of the two compounds in hexane and 
methanol were used primarily for comparison with, the reaction in water. 
The results of the ozonolyses of acenaphthylene and acenaphthene in 
water are shown in Scheme 26, The authors were only interested in the 
nonperoxidic products for the water reaction. Their analysis scheme, 
therefore, involved a simple pH adjusted extraction to separate the 
neutral and acidic products and characterization of these products by 
gas chromatography-mass spectrometry. The major products they obtained 
for acenaphthylene were S-formyl-l-naphth^ldehyde and 8-formyl-l-
naphthoic acid. The diacid and anhydride were produced in lower yields. 
Two very interesting minor products were 1,2-epoxyacenaphthylene and 
1-naph.thoic acid. The methanol reaction yielded essentially the same 
major products as the water reaction. Acenaphthene yielded 7-formyl^  
1-indanone and l-indanone-7-carboxylic acid as the major products in 
the water reaction. There were four interesting minor products, namely 
indane-l,7-dicarboxylic acid, l-formyl-indane-7-carboxylic acid, 
1-indanone, and 7-hydroxy-1-indanone. These products, along with the 
epoxide and 1-naphthoic acid from acenaphthylene, are unusual ozonolysis 
products. It is possible that they resulted from the action of another 
oxidant in solution such as hydrogen peroxide. The methanol reaction 
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for acenaphthene also compared quite favorably with the water reaction 
in that the major product was the methyl ester of l-indanone-7-carboxylic 
acid. 
The most recent investigation of the ozonolysis of naphthalene was 
published in 1981 by Kruithof and Heertjes (37). As in the work by Chen 
and co-workers, their primary concern was the fate of naphthalene and 
other polynuclear aromatic compounds in ozonated water. Kruithof and 
Heertjes chose to react naphthalene in water at concentrations above its 
solubility so they used carbon tetrachloride to disperse or emulsify the 
compound in the water solution. Their experiment was designed so that 
they could monitor ozone concentration exiting the reaction vessel and 
in this way determine the amount of ozone absorbed and presumably reacted 
in solution. The authors identified 3,6-dihydroxy-4,5-dibenzo-l,2-
dioxane, phthalaldehyde, and hydrogen peroxide as the primary reaction 
products. The cyclic aromatic peroxide was characterized by infrared 
spectroscopy in the same manner as that isolated by Sturrock and co­
workers ten years earlier (36). All three of these primary products 
reached a maximum concentration after 2,9 moles of ozone per mole of 
naphthalene had reacted. From the concentrations of these products, the 
authors concluded that naphthalene reacts with 45% of the hydroxyhydro-
peroxide intermediate cyclizing to the cyclic peroxide and 55% of the 
hydroxyhydroperoxide eliminating hydrogen peroxide to yield phthal­
aldehyde. Subsequent reactions of the phthalaldehyde and the cyclic 
peroxide yielded phthalic acid and 2-formylbenzoic acid. The authors 
also reported the observation of the ortho-substituted'^cis^-cinnamic 
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acid as a mono-ozonolysis product. The product was identified by its 
mass spectra, but other details were not given. 
It has been only recently that Bailey described a detailed, general 
mechanistic scheme for the ozonolysis of the naphthalenes in partici­
pating solvents (10). The discussion that follows will describe this 
scheme and summarize much of the previous work reviewed in this section. 
The mechanism of ozonolysis in participating solvents turns out to be 
much better characterized than that in nonparticipating solvents. The 
main reason for this is the fact that the peroxidic products for reac^ 
tions in participating solvents are much better characterized. Reac­
tions in nonparticipating solvents appear to involve Criegee inter­
mediates which can only react with themselves to produce unstable poly­
meric peroxides. These peroxidic products have been very difficult to 
analyze. Participating solvents, on the other hand, "trap" the Criegee 
intermediates as monomeric peroxides which are most conducive to 
analysis. Aside from this difference, the actual mechanism by which, the 
two double bonds are broken is very similar in participating and nonpar­
ticipating solvents. 
The general mechanistic scheme for the ozonolysis of naphthalene in 
methanol is shown in Scheme 27. Ozone adds to the first double bond 
predominantly by a 1,3-dipolar cycloaddition as discussed earlier. The 
1,2,3-trioxalane or primary ozonide which results from cycloaddition 
quickly breaks the single bond between carbon atoms 1 and 2 and yields a 
carbonyl oxide and an aldehyde. Bailey prefers to show carbon 1 forming 
the carbonyl oxide because here it is stabilized by the benzene ring. 
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Assuming this to be the case, carbon atom 1 would quickly form a methoxy-
hydroperoxide by reaction with the solvent. The second double bond is 
then broken to yield the carbonyl oxide at carbon atom 3. It has been 
shown by Bailey (41) and Fliszar and Granger (76,77) that formyl, 
acetyl, and carboxyl groups stabilize the carbonyl oxide relative to 
hydrogen. Bailey has reviewed the influence of substituents of carbonyl 
oxide stabilization (41) and a list in order of decreasing stabilization 
is shown in Scheme 28. In this case, the formyl group stabilizes the 
; 
c—ch^>ch^ >c02h> h>ch20h>c02ch2>ch2br>ch2ci 
Scheme 28 
carbonyl oxide much better than the benzene ring. Cleavage of the 
second double bond now yields an aldehydic methoxyhydroperoxide for 
both the aliphatic and the aromatic portions of the molecule. The 
aromatic hydroperoxide then is the intermediate to the hemiperacetal 
which has been well-characterized by several workers. It is possible in 
the case of naphthalene that the breaking of the first double bond does 
not occur as described. The carbonyl oxide might have some tendency to 
reside on carbon atom 2. If this happens, the electron-withdrawing 
methoxyhydroperoxide at carbon atom 2 should direct the carbonyl oxide 
resulting from the breaking of the second double to carbon atom 4, The 
final result, therefore, is the same as in the first case described. 
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The actual situation in the ozonolysis of naphthalene may very well be 
that the cleavage of the first double gives a mixture of two Criegee 
intermediates. Both intermediates, though, should give the same hemiper-
acetal. This may explain why the yield of the hemiperacetal for naphtha­
lene was very high compared to some of its derivatives. 
2-Naphthol reacts with ozone in much the same way as naphthalene. 
The first double bond to be broken is understandably the hydroxylated 
double bond since this bond is the most activated toward electrophilic 
attack. When the bond breaks, the electrons-withdrawing hydroxy group 
should direct carbonyl oxide formation strongly to carbon atom 1. Experi­
ments with 2-naphthol have given direct evidence for this direction of 
cleavage since the mono-ozonolysis products have been isolated. Bailey 
and Johnson's results (70) indicated that the only mono-ozonolysis product 
was the (Z)-3-(2-carboxyphenyl)-(2)-propenoic acid, the ortho carboxy 
group originating from the carbonyl oxide. Despite the strong influence 
of the hydroxyl group, it appears likely that the double bond can be 
broken in either direction. Bernatek and Frengen (.56) give evidence 
for a mixture of cleavage products since they isolated both, the (Z)-3-
(2-carboxyphenyl)- and the (Z)-3-(2-formylphenyl)-(2)-propenoic acids. 
Assuming the carbonyl oxide does go predominantly to carbon atom 1, the 
carboxyl group at carbon atom 2 could strongly influence the breaking 
of the second double bond. The acid group should stabilize the carbonyl 
oxide at carbon atom 3 and the final result would be the same hemiper­
acetal obtained for naphthalene. The yield of the hemiperacetal was 
low, however, when compared to naphthalene. This may be an indication 
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that competing pathways for the breaking of the first and perhaps even 
the second double bond result in mixtures of peroxidic products. The 
same arguments can be made for 2,3~dimethylnaphthalene and 2-methyl-
naphthalene. The methyl group at carbon atom 2 can inductively stabilize 
the carbonyl oxide at that carbon so the breaking of the first double 
bond could go in either direction. The alternate pathways for the 
breaking of the first double bond are more strongly competitive than in 
the case of naphthalene and 2-naphthol. This is supported by the low 
yields of the hemiperacetal for both compounds. 
The ozonolysis of 2-methoxynaphthalene yielded the peracetal shown 
in Scheme 27 in contrast to naphthalene and its 2-methyl and 2-hydroxy 
analogs. This peracetal resulted from the dimethoxyhydroperoxide shown 
in the scheme and apparently did not result from acetalization of the 
hemiperacetal in the reaction mixture. 
Bailey reasoned that one would expect this product if the first 
double bond breaks as described for 2-naphthol and the second double 
bond breaks leaving the carbonyl oxide at the ring carbon. The reactions 
of model compounds supported this direction of cleavage (70) as described 
earlier. It is also known that an ester group adjacent to the carbonyl 
oxide does not exert a stabilizing influence as does an acid, keto, or 
formyl functionality (41). The results of Pappas and co-workers (74) 
for several substituted methoxynaphthalenes supports Bailey^ s conclusions. 
The ozonolysis of 1-methylnaphthalene seems to be somewhat of a 
mechanistic anomaly. Based on arguments presented so far in this section, 
one would expect the 1-methyl analog to react in much the same way as 
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naphthalene and 2-naphthol. The breaking of the first (methylated) double 
bond should highly favor carbonyl oxide formation at carbon atom 1 since 
now there is stabilization by the benzene ring and the methyl group. 
The cleavage of the second double bond should be influenced by the 
formyl group at carbon atom 2 and the final result would be the hemiper-
acetal. The yield of the hemiperacetal is extremely low, however, 
indicating that there must be strongly competing pathways present. 
The aromatic nonperoxidic products reported for the ozonolysis of 
naphthalene in participating solvents must be derived from the hemiper­
acetal or its uncyclized precursor. The hemiperacetal has been con­
verted to methyl 2-formylbenzoate in refluxing methanol (63). The 
aldehydic ester can be hydrolyzed with base or acid to the acid or 
oxidized with hydrogen peroxide to phthalic acid. The 2-formylbenzoic 
acid is in equilibrium with a cyclized form (78,79) which can also be 
methylated to give 3-methoxyphthalide. This was the characterized 
product for many of the investigations reviewed earlier. Attempts to 
reduce the hemiperacetal or the reaction mixture containing the 
hemiperacetal to phthalaldehyde were only successful using dimethyl 
sulfide (72), triphenyl phosphine C74), or possible the tris (dialkyl-
amino) phosphine (73). Potassium iodide-acetic acid produced 2-formyl­
benzoic,acid and catalytic hydrogénation in methanol produced only an 
8% yield of phthalaldehyde. The production of phthalaldehyde is much 
easier when the ozonolysis of naphthalene is performed in an aqueous 
environment. A standard potassium iodide-acetic acid reduction was 
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successful in this case, presumably because the acyclic hydroxyhydro-
peroxide is reduced as shown previously in Scheme 25. 
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METHODS 
Preliminary Work 
Ozone generator 
A model 03V9-0 ozone generator made by Ozone Research and Equipment 
Corporation, Phoenix, Arizona, was used for all ozonation studies. The 
ozonator's design was typical of horizontal tube electrical discharge 
ozone generators. A variable voltage transformer applies 0-15,000 volts 
between two electrodes which are separated by a short distance. The 
feed gas, either air or oxygen, passes through the space between the 
electrodes and when the voltage between the electrodes is greater than 
approximately 8000 volts, ionization of the feed gas occurs. The alter­
nating current discharge which is established is a silent corona dis­
charge. The controls of the ozonator consist of a feed gas flow con­
troller with accompanying flow meter and pressure gauge and a continuous 
adjustment control for the variable voltage transformer. A current 
meter which is calibrated in amperes is also mounted on the front panel 
of the instrument. The pressure gauge registers the pressure inside the 
discharge tube and the current meter reading corresponds to the current 
flowing between the two electrodes. 
The design of the ozonation apparatus is shown in Fig. 1. Oxygen, 
which was used as a feed gas, was supplied by either Air Products, 
Allentown, Pennsylvania, or Cook's, Inc., Algona, Iowa. The purities 
of the two oxygen feed gases were 99.6% and 99.8%, respectively. A four 
angstrom molecular sieve drying tube was used to remove water vapor from 
B 
Figure 1. Ozonation apparatus: (a) oxygen supply; (b) valve; (c) molecular sieves: 
(d) Orec ozone generator; (e) gas wash bottle; (f) cold trap; (g) vent 
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the feed gas prior to entering the ozonator. Copper tubing was used for 
all oxygen and oxygen/ozone gas lines connected to the ozonator. A 
standard 500 ml gas wash bottle from Scientific Products, McGraw Park, 
Illinois, with a 12 mm course porosity gas dispersion tube supplied by 
Corning, New York, was used as an ozonation reaction vessel. The outlet 
of the gas wash bottle was connected to an all glass cold trap in early 
experiments when purging of the starting materials or products was in­
vestigated. In latter experiments, this cold trap was omitted. 
The output of the ozonator was determined by iodometric titrations 
as described by the operating manual for the GREC model 03V9-0 ozonator 
and by Boelter et al. (80). A 1% to 5% unbuffered solution of sodium 
iodide was used as the reacting solution. The ozone/oxygen gas stream 
was bubbled into 150-200 ml of this solution for five minutes using the 
gas wash bottle and then the amount of iodine produced was determined by 
titration of the solution. Depending upon the ozone output, either 0.1 
N or 0.5 N sodium thiosulfate was used for the titrations. Increments 
of 1.0 M sulfuric acid were added before and during each titration to 
free iodine from the iodate present. A 1% aqueous potato starch solu­
tion was used as an indicator. 
Reagents 
The methyl- and dimethylnaphthalenes used for the ozonolysis experi­
ments were all obtained from commercial sources. The 1-methylnaphthalene, 
2-methylnaphthalene, 1,2-dlmethylnaphthalene and 1,3-dimethylnaphthalene 
were obtained from Aldrich Chemical Co., Milwaukee, Wisconsin. The 
1,2-dimethylnaphthalene was obtained from the Rare Chemicals Division, 
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The 1,4- and 2,3-dimethylnaphthalene were supplied by Pfaltz and Bauer, 
Inc., Stanford, Connecticut. The purity of all six compounds was 
checked by capillary gas chromatography (GC) and four of the six were 
used without further purification. The 2-methylnaphthalene and the 1,4-
dimethylnaphthalene were purified by passage through a short column of 
Florisil before use. 
All experimental work was done using high purity organic solvents 
and water. The n-hexane, n-heptane, isooctane, methanol, and methylene 
chloride were supplied by Burdick and Jackson Laboratories, Inc., 
Muskegon, Michigan. These solvents were redistilled prior to use. The 
ethyl ether was supplied by Fisher Scientific, Pittsburgh, Pennsylvania. 
The water for the aqueous ozonolyses was HPLC grade and supplied by 
J. T. Baker Chemical Co., Phillipsburg, New Jersey. 
There were several miscellaneous reagents used in this investiga­
tion. The diazomethane was generated from Diazald obtained from Aldrich 
Chemical Company, Milwaukee, Wisconsin, The Diazald kit and accompanying 
instructions were also obtained from Aldrich Chemical Company and were 
used for the generation of the diazomethane. The diazomethane in ethyl 
ether was stored in a freezer (-20°C) for up to four weeks at which time a 
new reagent was generated. The authentic standards used to aid in gas 
chromatographic and mass spectral identifications were either obtained 
from Aldrich Chemical Company or from Chem Service, Inc., West Chester, 
Pennsylvania. The inorganic chemicals used were from various manufac­
turers and were all of reagent grade or better. 
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Ozonolysis Reaction Conditions 
Hexane 
A series of reaction blanks were ran before the actual ozonolysis 
experiments were performed. The first two were solvent blanks, designed 
to test the entire apparatus, including the solvent itself, for sources 
of contamination. For the first blank, oxygen alone was bubbled through 
150 ml of pure n-hexane using the gas wash bottle at a flow rate of 
approximately 1 liter per minute for 30 minutes. The solvent was then 
concentrated using a rotary evaporator and analyzed by packed column GC 
for any contamination. The experiment was repeated with the ozonator 
turned on using a flow rate of 1 L/min, 4 psi pressure in the discharge 
tube, 0.7-0.8 amperes of current, and a reaction time of 30 minutes. A 
large amount of contamination of residue was discovered in the concen­
trate of this second reaction blank. The reaction was repeated using 
n-hexane and n-heptane in separate experiments for only a ten minute 
time period using an ice-water cold trap on the outlet of the gas wash 
bottle. After bubbling ozone into the solution for 10 minutes, the 
solution was flushed for 1 minute with nitrogen to remove the excess 
ozone. The solutions of n-hexane and n-heptane plus the residues and 
the contents of the cold traps were transferred to separate 200 ml 
volumetric flasks and diluted. The residue for both solvents was 
analyzed by capillary GC and capillary gas chromatography-mass spectrom­
etry (GC-MS) as described in the Instrumental Methods section. The 
identified components of the residues were quantitated using the method 
of standard additions. 
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Before the ozonolysis of the methylnaphthalenes was investigated, 
some purging experiments were performed. A sample of 1-methylnaphthalene 
(450 mg) was dissolved in 150 ml of n-hexane and subjected to a 1 L/min 
flow of oxygen. The solution was sampled every 3 minutes for 18 minutes 
and the amount of 1-methylnaphthalene remaining was determined in each 
of the samples by packed column GC using an internal standard. 
The ozonolysis reaction time required for a complete reaction of 
the methylnaphthalenes was determined by a series of timed experiments. 
For 1-methylnaphthalene and 2-methylnaphthalene,' approximately 415 mg or 
2.9 millimoles of each compound was dissolved in 150 ml of n-hexane and 
treated with ozone using 0.8-1 L/min oxygen flow, 3.5-4.0 psi pressure 
in the discharge tube and 0.7 amperes of current flowing between the 
electrodes. Aliquots from the reaction mixture were collected for 15 
minutes at 3 minute intervals for 1-methylnaphthalene and for 8 minutes 
at 2 minute intervals for 2-methylnaphthalene. The relative concentra­
tions of 1-methylnaphthalene or 2-methylnaphthalene and the levels of 
the alcohols and ketones resulting from oxidation of the solvent (see 
RESULTS and DISCUSSION sections) were determined for each, aliquot using 
packed column GC and an internal standard, A timed experiment for 2,3-
dimethylnaphthalene was performed using 415 mg or 2.7 millimoles of 
material in exactly the same manner except that the ozone output was 
reduced slightly. The ozonator conditions used were 0.75 L/min oxygen 
flow, 4 psi pressure in discharge tube, and 0.7 amperes of current 
between the electrodes. 
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The ozonolysis experiments involving actual product characteriza­
tions were done under the same conditions as the timed reactions mentioned 
above. For approximately 2.9 millimoles of 1-methyl- and 2-methyl-
naphthalene, the ozonator settings were 0.8-1 L/min oxygen flow, 4 psi 
discharge tube pressure, and 0.7 amperes of electrode current. After a 
reaction time of 8 minutes, the reaction solution was purged for 1 
minute with nitrogen to remove unreacted ozone. The solution was covered 
and allowed to remain at room temperature for 48-72 hours until the 
white, flocculent solid present (presumably the ozonide) decomposed to 
a brown oil. At this point, the solution was concentrated, using a 
rotary evaporator, to 10.0 ml using methylene chloride to keep all of the 
polar material in solution. This 10,0 ml concentrate was the solution 
from which all dilutions were made for derivatization with diazomethane 
and analysis by capillary GC and GC-MS. All samples were stored at 
-20°C when not being analyzed. The same procedures discussed above were 
used for the reaction of the dimethylnaphthalenes. The amounts reacted 
were approximately 2,6 millimoles and the ozonator settings were the 
same as for the timed reaction for 2,3-dimethylnaphthalene, namely 
0.75 L/min oxygen flow, 4 psi pressure, and 0,7 amperes current. 
Methanol 
The investigations in methanol paralleled very closely those in 
n-hexane. The blank, purging, and timed experiments were conducted for 
the reactions in methanol as they were done for the reactions in n-hexane. 
One exception was that no solvent residue analysis was done for 
methanol. The ozonator settings and the amounts of material used were 
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the same as for the corresponding reactions in n-hexane. The reaction 
times for the product characterization reactions were 12 minutes. The 
workup of the reaction solutions was exactly the same as that for 
n-hexane and capillary gas chromatography-fourier transform infrared 
spectrometry (GC-FTIR) was used along with GC and GC-MS for mixture 
analysis. 
Water 
The water solubilities of the 1-methylnaphthalene and 2,3-dimethyl-
naphthalene compounds were determined using deionized and distilled tap 
water. The 1-methylnaphthalene was added in excess (10-15 mg) to 200 ml 
of water and the solution was stirred approximately 4 hours at 26°C. 
The concentration of the 1-methylnaphthalene in water was determined 
using GC with a Tenax column by the method of standard additions, A 
4 mg excess of 2,3-dimethylnaphthalene was added to water and dissolved 
in the same manner as 1-methylnaphthalene, Quantitative analysis was 
again performed by GC using a Tenax column, this time using external 
standards. 
Two solvent blank investigations were conducted. Freshly distilled 
methylene chloride used for extractions was checked for purity by con­
centrating 200 ml to 2.0 ml using a rotary evaporator and analyzing by 
capillary GC. The purity of the HPLC grade water was checked by 
extracting 200 ml with three 70 ml portions of methylene chloride, 
drying the methylene chloride over anhydrous sodium sulfate, concentrat­
ing 100-fold, and analyzing by capillary GC. 
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Extraction efficiencies were measured for methylene chloride and 
ethyl ether using compounds representative of expected ozonolysis prod­
ucts. Stock solutions were made up of salicylic acid, 2-formylbenzoic 
acid, 2-acetylbenzoic acid, and phthalic acid in acetone which were 
2.0-2.5 mg/ml in concentration. A 100 microliter volume of each of 
these stock solutions was then added to two 200 ml volumes of water to 
give aqueous concentrations of approximately 1 ppm for each of the acids. 
One of the two solutions was extracted with methylene chloride and the 
other was extracted with ethyl ether. The extraction and concentration 
procedures for methylene chloride (described in detail later in this 
section for the water reactions) and ethyl ether were the same except 
that the ethyl ether solution was washed with two 10 ml portions of water 
before drying and concentrating. The final volumes of the two extracted 
concentrates were brought up to 5.0 ml after derivatization with 
diazomethane and the addition of 1-methylnaphthalene as an internal 
standard. A standard was made up in a 5.0 ml volumetric flask by adding 
100 microliters of each of the stock solutions of the acids plus the 
internal standard and derivatizing with diazomethane. The extraction 
concentrates and the standard were then analyzed by capillary gas 
chromatography and the extraction efficiencies for each of the acids 
was calculated by comparing peak areas of each extraction concentrate 
with peak areas in the standard. This extraction procedure and calcula­
tion was repeated for phthalaldehyde using methylene chloride as an 
extraction solvent. 
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Purging experiments were performed for both 1-methylnaphthalene and 
phthalaldehyde in water solution. 1-Methylnaphthalene was dissolved in 
a 200 ml volume of HPLC grade water at a concentration of approximately 
15 ppm. The solution was stirred continuously for 72 hours to ensure 
that the 1-methylnaphthalene was completely dissolved. The concentration 
of 1-methylnaphthalene in solution before purging was measured by 
diluting 4.0 ml of the aqueous solution to 5.0 ml with methanol and an 
internal standard and analyzing this solution by gas chromatography 
using a Tenax column. The aqueous solution of 1-methylnaphthalene was 
then purged with an 80 ml/min flow of oxygen for a time period of five 
minutes. The apparatus used for the purging experiments was the same as 
that used for the ozonolysis reactions as shown in Fig, 1. The concen­
tration of 1-methylnaphthalene remaining in solution was determined as 
described above after 1, 2, and 5 minutes of oxygen flow. This procedure 
was repeated for a solution of phthalaldehyde (approximately 20 ppm) 
with the relative concentrations of phthalaldehyde determined after 2, 
10, and 20 minutes. 
Aqueous solutions of l^methyl- and 2-methylnaphthalene were pre­
pared in 1 liter narrow neck Erlenmeyer flasks for use in the product 
characterization reactions. A 10 microliter Hamilton syringe was used 
to add 18 microliters (>18 mg) of 1-methylnaphthalene to 1 liter of 
HPLC grade water. Approximately 19. mg of 2-methylnaphthalene was 
added to a second flask containing 1 liter of water and both solutions 
were stirred for 48 hours at 30°C to dissolve the 1-methyl- and 
2-methylnaphthalene. After 48 hours, the solutions were equilibrated to 
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room temperature (25®C) and a visual inspection of each water solution 
was made to check for droplets of excess methylnaphthalene. The actual 
concentrations of 1-methyl- and 2-methylnaphthalene in solution were 
measured by Tenax GC using external standards. A 5.0 aliquot of the 
water solution was diluted to 10.0 ml with methanol and an internal 
standard was added to adjust for differences in injection volume. 
One liter aqueous solutions of the dimethylnaphthalenes were pre­
pared in much the same manner as for the methylnaphthalenes» The di­
methylnaphthalenes were much less soluble, thus, 1.5-2.0 microliters of 
each of the three liquids, 1,2-dimethylnaphthalene, 1,3-dimethyl-
naphthalene, and 1,4-dimethylnaphthalene, were added to respective 1 
liter flasks of water and the solutions treated as before. The crystal­
line 2,3-dimethylnaphthalene was an exception. Approximately 1.8 mg of 
2,3-dimethylnaphthalene was added to 1 liter of water and the solution 
was heated to 95°C for 2 hours with stirring, and then held at 50-60°C 
overnight in an effort to dissolve the sample. The sample was incom­
pletely dissolved after 48 hours of stirring, thus, the excess 2,3-
dimethylnaphthalene was filtered off using a 5 micrometer porosity 
sintered glass funnel. The actual concentrations of the dimethyl-
naphthalenes in aqueous solution were determined by extraction of 10.0 ml 
of the solution with 1.0 ml of isooctane in a 15 ml centrifuge tube. 
Analysis of the isooctane layer was done directly by capillary GC using 
external standards. 
The ozonolysis conditions for the methyl- and dimethylnaphthalenes 
in water were quite different than those conditions used in the organic 
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solvents. The ozone output of the ozonator was reduced by a factor of 
ten due to the much lower concentrations of the naphthalenes in water and 
the assumption that the reaction rate in water would be approximately the 
same as that in organic solvents. The controls of the ozonator were 
adjusted so that the oxygen flow rate was 70 ml/min., the discharge tube 
pressure was 4 psx, and the current was 0.4 amperes. These ozonator 
settings were used for all aqueous ozonolyses of the methyl- and 
dimethylnaphthalenes. 
The progress of the ozonolysis of 1-methylnaphthalene in aqueous 
solution was monitored by the disappearance of the 1-methylnaphthalene 
from solution. A 200 ml portion of the aqueous solution of I'-methyl-
naphthalene was reacted with ozone using the ozonator conditions given 
above. The ozonator had been equilibrated and its ozone output in 
moles per minute was determined so that the time required to add 1, 2, 
4, 6, 8, etc. molar equivalents of ozone to the solution was known. The 
reaction solution was sampled with a 5.0 ml pipette after 1, 2, 4, 6, 
and 8 equivalents of ozone had been added to the solution. Each of the 
5.0 ml aliquots was diluted with methanol to 10.0 ml. An internal 
standard was added and the relative concentration of 1-methylnaphthalene 
remaining in solution was determined by Tenax GC. 
Several different ozonolysis reactions were performed with 1-methyl-
and 2-methylnaphthalene during which different amounts of ozone were 
added. Products were characterized from the reactions of 1-methyl­
naphthalene after 4, 8, 12, and 48 equivalents of ozone had been added. 
The workups for the reactions using 4, 12, and 48 equivalents of ozone 
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were identical. Each reaction was flushed for about 10 seconds with a 
high flow of nitrogen. The reaction solution was made acidic with 2.0 ml 
of 1 M hydrochloric acid and then extracted with two 50 ml portions of 
methylene chloride. The solution of methylene chloride was dried over 
sodium sulfate and then concentrated using Kuderna-Danish evaporative 
concentrators as modified by Junk et al. (81). The concentrators were 
equipped with a three cavity Snyder column and were heated in a steam 
bath using carborundum chips to facilitate boiling action. When the 
solution volume was reduced to 1.0 ml, the concentrator was removed from 
the steam bath and sprayed with acetone. The solution was then usually 
transferred to a 5.0 ml volumetric flask and diluted with methylene 
chloride and a small amount of diazomethane reagent. The sample was 
then analyzed by capillary GC and GC-MS, The reaction involving the 
addition of 8 equivalents of ozone to 1-methylnaphthalene was repeated 
several times with varying procedures used for a reaction workup. In 
one experiment, the water solution was divided into two 85 ml portions. 
One portion was prepared for analysis as described above, using only 
1.0 ml of acid and adjusting the final solution volume to 2,0 ml. The 
second portion was made basic using 1.0 ml of 1 M sodium hydroxide for 
5 minutes and then made acidic using 2.0 ml of 1 M hydrochloric acid. 
This sample was then extracted, concentrated, and derivatized as 
described before. The final solution volume was again 2.0 ml. Another 
experiment involving the addition of 8 equivalents of ozone to 1-methyl-
naphthalene dissolved in water did not use diazomethane for derivatiza-
tion. Reactions involving 2-methylnaphthalene involved the addition of 
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either 4, 8, or 12 equivalents of ozone. The reaction workups for the 
ozonolyses involving the addition of 4 and 12 equivalents of ozone were 
the same as that initially described for 1-methylnaphthalene. The 
workups for the reactions involving 8 equivalents of ozone differed in 
the use of diazomethane. 
The reaction conditions and workup for the dimethylnaphthalenes 
differed little from those used for the methylnaphthalenes. A 300 ml 
volume of the dimethyInaphthaiene-water solution was ozonized. Three 
different reactions were done using 2,3-dimethylnaphthalene with 8, 16, 
and 48 equivalents of ozone, respectively. The reactions of the other 
three dimethylnaphthalenes were only done once using 8 equivalents of 
ozone. The reaction workup in all cases involved the extraction of an 
acidified water solution with two 75 ml portions of methylene chloride, 
concentration, and derivatization with diazomethane. The final solution 
volumes were adjusted to 1.0 ml. 
Instrumental Methods of Analysis 
Gas chromatography 
Two instruments were used for gas chromatographic analyses. All of 
the capillary gas chromatographic analyses were performed with a Carlo 
Erba Fractovap 4160 obtained from Erba Instruments, Inc., Peabody, 
Maryland. The instrument was equipped with a flame ionization detector 
and a Model 430 temperature programmer, both from Erba Instruments, Inc. 
A HP3388 Integrator obtained from Hewlett Packard, Avondale, Pennsylvania 
was used with the Carlo Erba GC for recording of the chromatograms, peak 
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retention times, and peak areas. Chromatograms were also recorded with 
an Omniscribe strip chart recorder made by Houston Instruments, Austin, 
Texas. Zero grade hydrogen was used as a carrier gas for the Carlo Erba, 
and zero grade hydrogen and air were used as flame gases. All packed 
column gas chromatographic analyses were performed with a Perkin-Elmer 
Model 3920B obtained from Perkin-Elmer, Norwalk, Connecticut. The 
instrument was equipped with flame ionization detectors in both channels, 
and an Omniscribe strip chart recorder was used for most chromatographic 
output. Helium was used as a carrier gas, and hydrogen and air were 
used as flame gases. All three gases were a standard purity grade 
supplied by Air Products. 
The ozonation products of the solvents, n-hexane and n-heptane, 
were analyzed with the Carlo Erba using a SPIOOO 30 m by 0.25 mm glass 
capillary column obtained from Supelco, Inc., Bellefonte, Pennsylvania. 
The separations were made in the split mode with a split ratio of 100:1. 
An injection volume of 1.5 microliters was made from either the 200 ml 
or the 1000 ml dilution of the sample. All injections were made with a 
10 microliter Hamilton syringe. The oven temperature program was 
50-220°C at 6°C/min, with an initial hold of 2 minutes. The temperature 
of the injector and detector was 240°C. Quantitation was performed by 
linear regression analyses of standard additions plots based on both 
peak height and peak area. 
All capillary analyses for the ozonolysis products of the methyl-
and dimethylnaphthalenes were performed on the Carlo Erba GO. The 
column used in all separations was a fused silica SE-54 capillary column, 
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30 m by 0.25 mm, made by J & W Scientific, Inc., Rancho Cordova, 
California. The column was used in the splitless injection mode with a 
2 head pressure of 0.9 kg/cm and a column flow velocity of 35-40 cm/s at 
220°C. Injection volumes were normally 1.5 microliters of the 250 to 
500-fold dilutions of the organic reaction concentrates. The 1.0 ml to 
5.0 ml water samples were analyzed directly without dilution. The oven 
temperature program rate was 40-220°C at 6°C/min. with a 1 minute 
initial hold. The split vent was opened after 30 seconds. Injector 
and detector temperatures were 240°C. The chromatographic output for 
most samples was recorded with the HP3388 integrator. Retention times 
were measured to the nearest 0,01 minute and the peak area was measured 
to 0.01 area units. Kovats retention indices (82,83) were recorded for 
all sample components by comparison to a Cg-C22 normal hydrocarbon 
standard. For temperature programmed analyses, the relationship between 
carbon number and retention time for the hydrocarbon standard should be 
linear (83) . This was not true, however, under the gas chromatographic 
conditions used in these studies. When carbon number, or retention 
index, was plotted against retention time, the data points better 
described a quadratic curve. The hydrocarbon data, therefore, were fit 
to the best quadratic curve by the method of least squares (84) and the 
retention indices of sample components and standards were calculated 
using the resulting quadratic equations. The calculations necessary 
were programmed into a TI59 programmable calculator so that calculations 
could be made on a daily basis. The hydrocarbon mixture was run and 
quadratic equations calculated every day that samples or standards were 
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analyzed. The quantitation of sample components for both the organic 
and water reactions was done using the external standards of dimethyl-
phthalate and 1-methylnaphthalene. The response factors of the ozonoly-
sis products were assumed to be approximately the same as for dimethyl-
phthalate. The only exception to the use of dimethylphthalate as an 
external standard was the organic reactions for l-methylnaphthalene 
where methyl 2-acetylbenzoate was used. 
All packed column gas chromatographic analyses were done with one 
of three columns, a 3% SE-30 (1 m/3mm), a 5% FFAP (2 m/3inm), and a 
Tenax column (1 m/3 mm). All three columns were packed in this labora­
tory using packings supplied by Varian Aerograph, Walnut Creek, 
California, Supelco, Inc., Bellefonte, Pennsylvania, and Alltech 
Associates, Arlington Heights, Illinois. The timed reactions and 
purging experiments performed for the reactions in organic solvents were 
usually analyzed by packed column GC using either the SE-30 or the FFAP 
column. The SE-30 column was operated at a flow rate of 20-30 ml/min. 
with temperature programming of 80-200°C at 16°C/min. The injector and 
detector temperatures were 250°C. The FFAP column was operated at a 
similar flow rate with temperature programming of 140-240°C at 16°C/min. 
Injector and detector temperatues were 250°C and 280°C, respectively. 
The injection volumes were 0,8 microliters and an internal standard of 
naphthalene was used for all quantitative work. In most cases, quanti­
tation was based on peak area. The Tenax column was used for all 
analyses involving the determination of the aqueous concentrations of 
the naphthalene derivatives. Flow rates were 20-30 ml/min. with the 
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oven held isothermally at 220°C. The injection volumes were 0.8 micro­
liters and a naphthalene internal standard was always used for quantita­
tive work. Absolute concentrations of samples were determined by using 
an external standard curve based on peak areas. Peak areas were measured 
with the HP3388 integrator. 
Gas chromatography-mass spectrometry 
All GC-MS analyses were performed with a Finnigan 4000 equipped 
with a model 9600 gas chromatograph and the Incos 2300 data system. 
The total instrument package was supplied by Finnigan Corporation, 
Sunnyvale, California. Fused silica capillary columns were used for 
all studies. The column was connected directly through the interface 
compartment to the ion source of the mass spectrometer. The temperature 
of the injector was 250°C and the interface compartment was held at 
270°C. The source temperature was 270°C for electron ionization (EI) 
and 220°C for chemical ionization (CI) studies. The scanning of the mass 
spectrometer and data collection were controlled by a Data General Model 
Nova 3 computer using the Incos 2300 software (Revision 3.1C). Electron 
ionization at 70 eV was used for all samples and data were collected over 
the mass range of 45-400 atomic mass units Cu) with scan cycle times of 
1 second. Chemical ionization spectra were recorded for some samples 
using isobutane or methane as a reagent gas. Data were collected over a 
75-300 u mass range again with a 1 second scan cycle time. Due to the 
reduced sensitivity and higher background of this softer ionization 
technique, the sample concentrations analyzed were two to five times 
greater than those analyzed in the EI mode. For all samples, actual 
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data collection did not begin until approximately 3 minutes after injec­
tion to allow time for the solvent to pass through the column. All data 
were stored on a disk and visual output was through either a Tektronics 
4010 cathode ray tube (CRT) terminal or a Versatec printer plotter. 
The ozonation products of the solvents n-hexane and n-heptane were 
analyzed using a fused silica carbowax column, 30 m by 0.25 mm, from 
J & W Scientific, Inc. Temperature programming conditions were 
40-220®C at S'C/min. with a 4 minute initial hold. The samples were 
injected in the split mode using an injection volume of 1.8 microliters. 
The products resulting from the reactions of l-^ ethylnaphthalene 
with ozone in n-hexane and methanol were analyzed using a fused silica 
SE-52 capillary column, 30 m by 0.25 mm obtained from J & W Scientific, 
Inc. Two microliters of each sample were injected using the splitless 
mode with a 0.5 minute initial hold and then temperature programmed 
40-200°C at 6°C/min. for n-hexane and 4°C/min. for methanol. All other 
analyses were performed with a fused silica DB-5 bonded phase capillary 
column provided by J & W Scientific, Inc. Splitless injection volumes 
were 2.0 microliters and the temperature programming was 40-220°C at 
ô'C/min. with a 0.5 minute initial hold, 
A relative retention index was calculated for all peaks in each 
total ion current chromatogram of the ozonolysis product mixtures. The 
relative retention index was calculated by dividing the retention time 
of each peak in the chromatogram by the retention tine of a reference 
compound in the mixture. The reference compound was usually a major 
component of the reaction mixture whose identity was known. Relative 
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retention indices were calculated for all peaks in each GC chromatogram 
in the same manner. The reference compound used for the gas chromato­
gram of a particular mixture was the same reference compound used for 
the total ion current chromatogram of that mixture. The GC and GC-MS 
data for a particular product mixture were then correlated peak for peak 
using these relative retention indices. In this way, each compound 
present in the total ion current chromatogram could indirectly be 
assigned a Kovat's retention index. 
Gas chromatography-Fourier transform infrared spectrometry 
The instrument used was a Bruker-IBM Model 98 Fourier transform 
infrared spectrometer obtained from IBM Instruments, Inc., Danbury, 
Connecticut. The instrument was linked to a Hewlett Packard 5880 gas 
chromatograph equipped with a thick film (1.0 micrometer), fused silica 
DB-3 capillary column, 30 m by 0.25 mm, obtained from J & W Scientific, 
Inc, The gas chromatographic conditions were the same as that described 
previously in the section on gas chromatography. The one exception was 
the 1-methylnaphthalene in methanol sample which was temperature pro­
grammed at 4°C/min. instead of the usual 6°C/min. The transfer line and 
light pipe of the infrared spectrometer were operated at 200°C. The 
scan rate of the instrument was approximately 3.4 scans per second with 
-1 -1 8 cm resolution. Data were collected over the range of 4000-800 cm 
Since this was a single beam instrument, a reference spectrum, or 
reference data file, was collected so that the sample component spectra 
could be displayed as a percent transmittance versus wave number. The 
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reference spectrum was usually collected at the end of the chromatographic 
run after all the sample components had eluted. 
Synthesis of Authentic Standards 
The authentic standard of 3-methoxy-3-methylphthalide was 
synthesized by a simple one-step reaction. A 500 mg sample of 
2-acetylbenzoic acid was added to 50 ml of methanol. The methanol was 
acidified with gaseous hydrogen chloride and then refluxed overnight. 
The reaction mixture was then neutralized with sodium bicarbonate and 
poured into 50 ml of ice water. The aqueous methanol solution was 
extracted three times with methylene chloride and the methylene chloride 
solution was then dried over sodium sulfate and concentrated. Thin 
layer chromatography on silica indicated three compounds present, one 
of which was the unreacted free acid. The other two compounds were 
presumably 3-methoxy-3-methylphthalide and methyl-2-acetyl-
benzoate, and using gas chromatography they were found to be of equal 
concentration. The mixture of the two compounds was analyzed by GC-MS 
and GC-FTIR. The infrared spectra were conclusive proof that the early 
eluting compound on a fused silica DB-5 capillary column was the 
3-methoxy-3-methyl-l-isobenzofuranone and the later eluting compound 
was methyl-2-acetylbenzoate. The two compounds were also separated by 
preparative GC with a 4 m by 9 mm 10% OV-17 column using Varian Autoprep 
700A GC. Solution infrared spectra were obtained in chloroform of the 
two separated compounds using the Bruker-IBM Model 98 FTIR. The 
synthesis and some of the properties of 3Tmethoxy-3'-methylphthalide 
have been reported in the literature (85). 
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A sample of 3-methoxyphthalide was synthesized in the same manner as 
3-raethoxy-3-methylphthalide. The process followed was similar to 
that reported in the literature (78,79). Approximately 2.5 g of 
2-formylbenzoic acid was dissolved in 25 ml of methanol which 
had been acidified with gaseous hydrogen chloride. The solution 
was refluxed in a 50 ml round bottom flask overnight and the reaction 
mixture was neutralized and extracted as described before. Gas 
chromatographic analysis indicated two major products and one later 
eluting minor product. Analysis by GC-MS and GC-FTIR indicated that the 
two major products were methyl 2-formylbenzoate and 3-methoxyphthalide. 
The later eluting minor component was most likely methyl 2-formylbenzoate 
dimethyl acetal. 
Phthalaldehyde was reacted in a similar fashion as 2-formylbenzoic 
acid and 2-acetylbenzoic acid described above, A 1.0 g sample was dis­
solved in 30 ml of methanol acidified with gaseous hydrogen chloride and 
refluxed overnight. The reaction mixture was worked up as before. As 
analyzed by GC, GC-MS, and GC-IE,, the reaction yielded almost entirely 
a mixture of cis-trans 1,3-dimethoxyphthalan. 
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RESULTS 
Reactions in Organic Solvents 
Preliminary work 
The ozonator output was measured several times during the time that 
the reactions were done in organic solvents. The output for the reac­
tions involving 1- and 2-methylnaphthalene averaged 1.20 millimoles of 
ozone per minute with a relative standard deviation of approximately 
±12%. The ozonator output was lowered and more closely controlled for 
reactions involving the dlmethylnaphthalenes. The output for the 
dimethylnaphthalenes averaged 1.00 millimoles of ozone per minute with 
a relative standard deviation of ±5%. 
The purities of the methyl- and dimethylnaphthalenes were determined 
by capillary GC and they are listed in Table 2. The four compounds 
whose purity was greater than 98% contained impurities in such low con­
centrations that the nature of the impurities was of little concern. 
For 1,2- and 1,4-dimethylnaphthalene, the levels of the impurities were 
great enough that an attempt was made to identify them. The impurities 
for these two compounds were identified by GC-MS and are listed in Table 
Table 2. 
The purity of the n-hexane and methanol solvents was very good. 
The n-hexane contained no high molecular weight contamination such as 
phthalates and the amounts of isomeric pentanes, hexanes, and heptanes 
present appeared to be very low. The manufacturer did specify (86) that 
the n-hexane contained as much as 10% methylcyclopentane. The n-heptane 
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Table 2. Methyl- and dimethylnaphthalene purities 
Compound Purity 
l-methylnaphthalene 99% 
2-methyInaph thaiene 99% 
1,2-dimethylnaphthalene^  85% 
1,3-dimethylnaphthalene 98% 
1,4-dimethylnaphthalene^  89% 
2,3-d imethylnaph thaiene 98% 
^Impurities in 1,2-dimethylnaph.thalene: 1,3-dimethyl-
naphthalene - 3%; isomeric trimethylnaphthalenes - 4.5%; 
bromo-methylnaphthalene - 3.5%, 
^Impurities in 1,4-dimethylnaphthalene! 2,3-dimethyl-
naphthalene - 6.5%; 1,2-dimethylnaphthalene - 1.5%; 
1-bromodecane - 2.0%. 
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also appeared very pure by GC analysis and the manufacturer's specifica­
tions were of greater than 99.9% purity. The methanol was specified as 
greater than 99.9% pure and a GC analysis yielded results in agreement 
with this percent purity. 
The oxygen feed gas, ozonator, and gas lines contributed little or 
no contamination to the solvent used as a reaction medium. When oxygen 
was bubbled through the n-hexane for several minutes, no residue was 
left dissolved in the hexane. 
When the ozonator was turned on and an ozone/oxygen mixture bubbled 
through pure n-hexane, a nonvolatile residue was detected. The weight 
of this residue after evaporation of the solvent was proportional to the 
total time that ozone was bubbled through the solvent. For a 10 minute 
time period, 650 mg of a nonvolatile residue was isolated after removal 
of the solvent. The residue was analyzed by GC-MS and the results are 
given in Table 3. From the identity of the compounds present in the 
residue, it became obvious that the solvent itself was reacting with 
the ozone. The compounds identified are typical of what one would 
expect for the degradation of n-hexane by oxygen free radicals. The 
1-methylcyclopentanol is due to the methylcyclopentane impurity in the 
n-hexane. Multifunctional compounds such as hydroxy acids, keto acids, 
and diacids as well as various peroxides were also undoubtedly present, 
but were not identified and, therefore, are not listed in Table 3. 
Evidence for the presence of these multifunctional compounds and perox­
ides comes from the fact that the total mass of the identified compounds 
amounts to only one-half the total weight of the residue. The ozonation 
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Table 3. Products and amounts produced from the reaction 
of n-hexane and a-heptane with ozone at 20° 
Products Amount in mg^  
HEXANE 
2-hex'anone 205 
3-hexanone 240 
1-hexanol 10 
2-hexanol 70 
3-hexanol 80 
2,5-hexadione 10 
acetic acid 15^  
propanoic acid 40 
butanoic acid 15 
pentanoic acid 10 
hexanoic acid 15 
HEPTANE 
2-heptanone 245 
3-heptanone 320 
4-heptanone 155 
1-heptanol 10 
2-heptanol 90 
3-heptanol 9.0 
4-heptanol 45 
acetic acid 15 
propanoic acid 15 
butanoic acid 20 
pentanoic acid 25 
^From a 10 minute reaction of 150 mL of n-hexane or 
n-heptane. 
^Best estimates. 
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Table 3. Continued 
Products Amount in mg^  
hexanoic acid 
heptanoic acid 
20 
20 
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conditions were repeated for pure n-heptane and the results again indi­
cated a nonselective oxidation of the alkane. The results are listed in 
Table 3. 
Pure methanol was also found to give a residue upon reaction with 
ozone. This residue yielded no compounds which were easily analyzed by 
gas chromatography, thus, the residue probably consisted of oxygenated 
one-carbon products which were due to the oxidation of the methanol. No 
further attempts were made to identify components of this residue. 
The methylnaphthalenes 
The initial experiments investigating the reactions of the methyl-
and dimethylnaphthalenes were concerned with how rapidly given amounts 
of the naphthalene derivative reacted with ozone. Experimentally, it 
was found that the best criterion to define a "complete" reaction was 
the disappearance of the methyl- or dimethylnaphthalene starting mate­
rial from solution. Figure 2 shows graphically the decrease in concen­
tration of 1-methylnaphthalene compared to the increase in concentration 
of the alcohols and ketones from the oxidation of the solvent. These 
data firmly establish that a 7-8 minute reaction time gives complete 
reaction of the 1-methylnaphthalene in n-hexane and essentially avoids 
solvent oxidation. These data are also consistent with the expected 
uptake of ozone by 1-methylnaphthalene. With an ozone output of 1.2 
millimoles per minute and a total of 3,0 millimoles of material present, 
2.8 to 3.2 mole equivalents of ozone were added to the solution. This 
is in reasonable agreement with previous literature rfiich predicts a 
2.0 mole equivalent uptake of ozone for naphthalene and its derivatives. 
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The reaction of 1-methylnaphthalene in methanol was completed in 
the same manner as the previous reaction in n-hexane and the results are 
shown in Fig. 2. The amounts of material used and the ozonator settings 
were the same as for the reaction in n-hexane. The data indicate that 
the complete reaction of 1-methylnaphthalene in methanol occurs after 
approximately 11 minutes which corresponds to the addition of 4.0 mole 
equivalents of ozone. 
The reaction of 2-methylnaphthalene in n-hexane amd methanol was 
conducted under the same conditions used for 1-methylnaphthalene. The 
progress of both reactions was again monitored by measuring the decrease 
in concentration of 2-methylnaphthalene and the results were essentially 
the same as those for 1-methylnaphthalene. The reaction in n-hexane 
was 90% complete in 6 minutes and 98% complete after 8 minutes which 
corresponded to the absorption of 3.3 mole equivalents of ozone. For 
methanol, the reaction was complete after 12 minutes with the addition 
of about 5.1 mole equivalents of ozone. 
The results of the ozonolysis product characterizations for the 
two methylnaphthalenes are reported in the following pages. Total ion 
current chromatograms along with GC-FTIR data are shown for the two 
compounds reacted in both n-hexane and methanol. The peaks in the 
chromatograms are labeled with a number which is a Kovat's retention 
index for the compound represented by that peak. The percent molar 
yields for each component are also listed on the chromatogram. Table 6, 
located at the end of the Results section, is a master table listing 
the Kovat's retention indices along with the structure, name, and 
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1-Kethylnaphthalene 
/ Ketones 
METHANOL 
§ 1-Methylnaphthalene M 
8 10 12 6 4 14 16 2 
TIME (minutes) 
Figure 2. Comparison of the reaction times for the ozonolyses of 1-
methylnaphthalene in n-hexane and methanol. The concen­
trations of 1-methylnaphthalene and the alcohols and 
ketones resulting from solvent oxidation versus time are 
shown for the ozonolysis in n-hexane 
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identification method of the compounds the indices represent. This 
table should be referred to for the identification of all compounds 
represented in the GC-MS, GC-FTIR, and GC chromatograms. In cases where 
a particular product was found in several different reaction mixtures, 
the average Kovat's retention index was calculated and used to label the 
chromatograms. If the structure of a particular component in a mixture 
is unknown or tentative, question marks take the place of or follow the 
retention index. With few exceptions, all the names of the compounds 
identified were assigned according to the 1979 TUPAC recommendations for 
substitutive nomenclature (87) . The identification methods listed in 
the table are self-explanatory except perhaps where GC is used as an 
identification method. The GC retention time was considered a strong 
indication of the identity of a product when it was the same as an 
authentic standard of the compound in question. Spectra for all the 
compounds are listed by retention index in Appendix A at the end of the 
dissertation. 
The total ion current chromatograms for the reaction of I'-methyl-
naphthalene in n-hexane and methanol are shown tn Fig, 3. The compounds 
were all identified by interpreting their electron ionization (EI) mass 
spectra. The methanol reaction was particularly complex so chemical 
ionization (CI) mass spectra and GC-FTIR data were obtained for this 
mixture in addition to GC and EI data. The total ion current chromato-
gram using CI and the GC-FTIR data are represented in Fig. 4, The CI 
chromatogram has a few minor peaks which were not present in the EI 
chromatogram. These extraneous peaks due to sample deterioration was 
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Figure 3. EI total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of l-methylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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Figure 4. CI total ion current chromatogram (top) and GC-FTIR Gram-
Schmidt plot (bottom) the product mixture resulting from 
the ozonolysis of 1-methylnaphthalene in methanol 
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because of the considerable time lag between the collecting of the EI 
and CI data. The GC-FTIR data is represented as a Gram-Schmidt plot 
(88,89). Since the intensity of a particular response in this plot is 
due to an intensity of absorption of infrared radiation, the relative 
intensities of the peaks is quite different than that in the mass 
spectral data. Figure 5 compares the EI total ion current chromatogram 
with the flame ionization chromatogram from the gas chromatograph. This 
is a good example of how closely the GC-MS and GC data correspond to 
each other in elution order and relative intensity. A close correlation 
between GC-MS and GC data is important since Kovat's retention indices 
are indirectly assigned to the GC-MS data as explained in the Methods 
section. 
The EI total ion current chromatograms for the ozonolysis of 
2-methylnaphthalene in n-hexane and methanol are shown in Fig, 6. The 
GC-FTIR Gram-Schmidt plot for the reaction products in methanol is 
given in Fig. 7. 
The dimethylnaphthalenes 
Timed reactions were also conducted for the dimethylnaphthalenes 
with the anticipation that the reaction rates might be faster than the 
rates for the methylnaphthalenes. As mentioned previously, the ozone 
output was slightly lower for the reactions involving the dimethyl­
naphthalenes since smaller amounts of material (about 2,5 millimoles) 
were being used. Data for the reaction of 2,3-dimethylnaphthalene in 
n-hexane indicated that the reaction was 99% complete in 8 minutes with 
the addition of 3.1 mole equivalents of ozone. The reaction in methanol 
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*-
TIME 
•gure 5. Comparison of the EI total ion current chromatogram (top) 
with the chromatogram from gas chromatographic analysis 
(bottom) for the product mixture resulting from the ozonolysis 
of 1-methylnaphthalene in n-hexane 
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Figure 6. El total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of 2-methylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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Figure 7- The GC-FTIR Gram-Schmidt plot for the product mixture re­
sulting from the ozonolysis of 2-methylnaphthalene in 
methanol 
98 
was 98% complete in 12 minutes with the addition of 4.3 mole equivalents 
of ozone. The reaction times of 8 and 12 minutes were used for all 
subsequent reactions of the other isomeric dimethylnaphthalenes. 
Figure 8 shows the EI total ion current chromatograms for the reac­
tion of 2,3-dimethylnaphthalene in the two organic solvents. Figure 9 
is the Gramm-Schmidt plot for the methanol product mixture. An inter­
esting comparison is shown in Fig. 10 between the chromatograms from 
gas chromatographic analysis of the reactions in n-hexane and methanol. 
The three chromatograms on the left represent reactions in n-hexane 
which differ in the amount of time that they were allowed to stand at 
room temperature before reaction workup and analysis. The three chromato­
grams on the right represent the corresponding reactions in methanol. 
The top chromatograms of each set of three represent analysis immediately 
after the reaction was completed. The middle chromatograms represent 
analysis after 3 days and the bottom chromatograms represent analysis 
after 30 days. 
Figures 11-16 show the GC-MS and GC-FTIR data for 1,2-, 1,3- and 
1,4-dimethylnaphthalene, respectively. The data are presented in the 
same manner as for the first three compounds with one exception. The 
GC-FTIR data for 1,4-dimethylnaphthalene is for the reaction mixture in 
n-hexane instead of methanol. Methane CI mass spectral data were also 
recorded for this reaction mixture, but the total ion current chromato-
gram is not shown. 
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Figure 8. EI total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of 2,3-diniethylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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FigurË 9• The GC—FTIR Gram—Schmidt plot for the product mixture re­
sulting from the ozonolysis of 2,3-dimethylnaphthalene in 
methanol 
Figure 10. The comparison of a series of chromatograms of the product 
mixtures for the ozonolyses of 2,3-dimethylnaphthalene in 
n-hexane (left) and methanol (right). The analyses were 
performed after the product mixtures had set at room tem­
perature for 10 minutes (top), 3 days (middle), and 30 
days (bottom) 
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Figure 11. EI total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of 1,2-dimethylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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Figure 12. The GC-FTIR Gram-Schmidt plot for the product mixture re­
sulting from the ozonolysis of 1,2-dimethylnaphthalene in 
methanol 
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Figure 13. EI total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of 1,3-dimethylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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Figure 14. The GC—FTIR Gram-Schmidt plot for the product mixture re­
sulting from the ozonolysis of 1,3-dimethylnaphthalene in 
methanol 
107 
a\ Oi 
ro 
1399 - 25% 
1414 -
1538 -
1585 -
1598 -
7% 
3% 
4% 
6% 
00 
o\ 
m 
îr 
•H 
G 
I fth. 
m 
00 
m 
00 
m 
m 
JU- iAi-iAK 1  4^ 
o\ 
en 
30 
CM 
m 
00 CO 
Li 
1328 - 3% 
1339 - 5% 
1381 - 11% 
1399 - 21% 
1414 - 4% 
1585 - 3% 
•H 
E 
fH m 00 
U-) 
TIME 
Figure 15. El total ion current chromatograms for the product mixtures 
resulting from the ozonolyses of 1,4-dimethylnaphthalene in 
n-hexane (top) and methanol (bottom) 
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Figure 16. The GC-FTIR Gram-Schmidt plot for the product mixture re­
sulting from the ozonolysis of 1,4-dimethylnaphthalene in 
n-hexane 
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Reactions in Water 
Preliminary work 
The solubilities of 1-methylnaphthalene and 2,3-dimethylnaphthalene 
were determined in deionized and triply distilled water. The solubility 
of 1-methylnaphthalene was 34 ppm by weight at 26°C and that of 2,3-
dimethylnaphthalene was 1.7 ppm by weight at the same temperature. 
These concentrations were in close agreement with those reported in the 
literature (40,90), thus, the literature values were accepted as correct. 
The methylene chloride used for extractions and the HPLC grade 
water used for reactions were checked for purity. Freshly distilled 
methylene chloride was concentrated 100-fold and shown by capillary GC 
to have a very low level of contamination, particularly of higher boiling 
organic compounds which may interfere with analyses. Extraction of a 
200 ml portion of water with methylene chloride and a lOO'-fold concen­
tration produced little, if any, increase in the background level when 
compared to the concentration of methylene chloride alone. The oxygen 
feed gas and the ozonation apparatus was already known to be noncon-
taminating from previous work so it was felt unnecessary to run a true 
reaction blank by bubbling ozone/oxygen through a sample of the water. 
Stock solutions of the methyl- and dimethylnaphthalenes dissolved 
in water were prepared in 1-liter, narrow-neck Erlenmeyer flasks. The 
actual concentrations of each compound in solution were measured 
immediately before the solutions were used in reactions, The concentra­
tions are listed in Table 4. 
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Table 4. Concentrations of methyl- and dimethylnaphthalenes in stock 
water solutions 
_ , Amount added to . ^ ^ • 
Compound t i•^ ^ Concentration 1 liter water 
1-methylnaphthalene 18 ul 15.0 ppm 
2-methylnaphthalene 20 mg 14.5 ppm 
1.2-dimethylnaphthalene 1.9 ul 0.60 ppm 
1.3-dimethylnaphthalene 1.8 ul 0.88 ppm 
1.4-dimethylnaphthalene 1.7 ul 0.93 ppm 
2,3-dimethylnaphthalene 1.85 mg 0,45 ppm 
Ill 
Extraction efficiencies were determined for the expected ozonolysis 
products in water and purging studies were also conducted using volatile 
ozonolysis products and reactants. The extraction efficiencies were 
measured using methylene chloride for five ozonolysis products and 
ethyl ether for four ozonolysis products. The results are shown in 
Table 5. Purging experiments were performed to investigate whether the 
naphthalene derivatives or any of the volatile ozonolysis products might 
be purged from aqueous solution during the reactions. The purging con­
ditions simulated normal reaction conditions. It was found that 5% or 
less of the 1-methylnaphthalene originally dissolved in water was purged 
after 5 minutes of continuous gas flow. Phthalaldehyde also was not 
easily purged from solution under these same conditions. After 20 
minutes of gas flow, the concentration of phthalaldehyde In water was 
unchanged. 
The ozonator output was approximately ten-fold lower for the reac­
tions in water than for the reactions in the organic solvents. This was 
necessary since much smaller amounts of the naphthalene derivatives 
-4 
were present in solution. The ozonator output was 1.0 x 10 moles per 
minutes with a relative standard deviation of 5%, 
The results for the ozonolyses of the methyl- and dimethylnaphtha-
lene in water are reported in the following paragraphs. The results 
include primarily product characterization studies, but the results for 
other experiments, such as those which varied the amount of ozone added 
to solution, are also presented. As in the first half of this section 
on results, many total ion current chromatograms and chromatograms from 
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Table 5. Extraction efficiencies for the extraction of typical ozonoly­
sis products from water using methylene chloride and ethyl 
ether as extracting solvents 
% Extracted % Extracted 
Methylene Chloride Ethyl Ether 
o-phthalaldehyde 70 — 
2-hydroxybenzoic acid 30 100 
2-formylbenzoic acid 33 44 
2-acetylbenzoic acid 41 59 
phthalic acid 0 0 
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gas chromatographic analysis are presented with individual peaks labeled 
with Kovat's retention indices. Table 6, the master table of products, 
should be consulted for identification of individual components in the 
mixtures. The percent molar yields are again listed on the total ion 
current chromatograms for each compound. 
The methylnaphthalenes 
The initial reactions performed in water were designed to determine 
how fast the ozone reacts with the naphthalene derivatives. The first 
reaction with 1-methylnaphthalene was done under conditions where the 
concentrations of 1-methylnaphthalene were measured after the addition 
of 1, 2, 4, 6, and 8 molar equivalents of ozone to the reaction mixture. 
Figure 17 shows the results of this experiment graphically with the molar 
equivalents of ozone added versus the percent 1-methylnaphthalene left 
unreacted. After 8 equivalents of ozone had been added to the reaction 
mixture, the water solution was divided into two 85 ml portions and 
analyzed for products. One portion was acidified to pH-2 to promote 
decomposition of any peroxide or hydroperoxide present and also to 
facilitate the extraction of acids. The second portion was initially 
made basic CpH-12), then made acidic and extracted. The total ion cur­
rent chromatograms for the two product mixtures were considerably dif­
ferent and are shown in Fig. 18. The reaction of 1-methylnaphthalene 
with 8 equivalents of ozone was repeated using only acidification before 
extraction and the resulting product mixture was not derivatized with 
diazomethane before analysis. The CI total ion current chromatogram 
and the corresponding chromatogram from gas chromatographic analysis 
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MOLAR EQUIVALENTS OF OZONE 
Figure 17. A plot of the relative concentration of 1-methylnaphthalene 
remaining in water after the addition of 1, 2, 4, 6, and 8 
molar equivalents of ozone to the solution 
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Figure 18. El total ion current chromatograms of the product mixture re­
sulting from the ozonolysis of 1-methylnaphthalene in water. 
The mixtures had been treated with acid (top) and base fol­
lowed by acid (bottom) before extraction from the water solu­
tion and derivatized with diazomethane 
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are shown in Fig. 19, Three more reactions of 1-methylnaphthalene were 
performed which added 4, 12, and 48 equivalents of ozone to the solution 
before the reaction mixtures were analyzed. The chroma to grams from gas 
chromatographic analysis of these product mixtures are compared in 
Fig. 20. The chromatogram for the reaction involving 48 equivalents of 
ozone had been enlarged by a factor of four relative to the other two due 
to differences in gas chromatograph attentuations and photoreductions. 
Eight molar equivalents of ozone were also found to give a complete 
reaction of 2-methylnaphthalene in water. The product mixture was 
acidified before extraction and derivatized before analysis. The cor­
responding total ion current chromatogram is shown in Fig. 21. The 
chromatogram for gas chromatographic analysis of a reaction performed 
under the exact same conditions, but without derivatization with 
diazomethane is also shown in Fig. 21, Figure 22 shows the CI total ion 
current chromatogram for this underivatized product mixture. 
The dimethylnaphthalenes 
The dimethylnaphthalenes were reacted with ozone in water in much 
the same manner as the methylnaphthalenes. The concentrations of the 
dimethylnaphthalenes were much lower and, therefore, the reaction times 
required to add equivalent amounts of ozone to solution were much shorter 
than for the two methylnaphthalenes. Eight equivalents of ozone were 
found to give an almost complete reaction of 2,3-dimethylnaphthaiene. 
The acidified product mixture was extracted and derivatized as before 
and the total ion current chromatogram is shown in Fig. 23. Reactions 
were also performed which added 16 and 48 equivalents of ozone to 
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Figure 19. CI total ion current chromatogram (top) and chromatogram 
from gas chromatographic analysis (bottom) of the product 
mixtures resulting from the ozonolyses of 1-methylnaphtha-
lene in water. The mixtures had been acidified before 
extraction but not derivatized 
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Figure 20. Chromatograms from gas chromatographic analysis of the product 
mixtures resulting from the ozonolyses of 1-methylnaphthalene 
in water using 4 (top), 12 (middle), and 48 (bottom) molar 
equivalents of ozone 
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Figure 21. EI total ion current chromatogram (top) and chromatogram from 
gas chromatographic analysis (bottom) of the product mixtures 
resulting from the ozonolysis of 2-methylnaphthalene in 
water. The top mixture was acidified before extraction and 
derivatized with diazomethane before analysis. The bottom 
mixture was treated similarly but not derivatized. (D-
diazomethane derived product) 
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Figure 22. CI total ion current chromatogram of the product mixture re­
sulting from the ozonolysis of 2-methylnaphthalene in water. 
The mixture was acidified before extractized but not deriva-
tized. (INJ = injector contamination) 
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Figure 23. El total ion current chromatogram of the product mixture re­
sulting from the ozonolysis of 2,3-dimethylnaphthalene in 
water. The mixture was acidified before extraction and 
derivatized with diazomethane. (D-diazomethane derived 
product) 
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solutions of 2,3-dimethylnaphthalene in water to investigate the change 
in product profiles as more ozone is added. The GC chromatograms for 
the reactions involving 8, 16, and 48 equivalents are compared in 
Fig. 24. 
The total ion current chromatograms for 1,2-, 1,3-, and 1,4-
dimethylnaphthalene are shown in Figs. 25, 26, and 27, respectively. 
All three reactions involved the addition of 8 molar equivalents of 
ozone to solution and the product mixtures were acidified before extrac­
tion and derivatized before analysis. 
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Figure 24. The chromatograms from gas chromatographic analysis of the 
product mixtures resulting from the ozonolyses of 2,3-
dimethyInaphthaiene in water using 8 (top), 16 (middle), 
and 48 (bottom) molar equivalents of ozone 
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Figure 25. El total ion current chromatogram of the product mixture re­
sulting from the ozonolysis of 1,2-dimethylnaphthalene in 
water. The mixture was acidified before extraction and 
derivatized with diazomethane. (D-diazomethane derived 
product) 
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Figure 26. EI total ion current chromatogram of the product mixture re­
sulting from the ozonolysis of 1,3-dimethylnaphthalene in 
water. The mixture was acidified before extraction and 
derivatized with diazomethane. (D-diazomethane derived 
product) 
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Figure 27. EI total ion current chromatogram of the product mixture re­
sulting from the ozonolysis of 1,4-dimethylnaphthalene in 
water. The mixture was acidified before extraction and 
derivatized with diazomethane 
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Table 6. Listing of Kovat's retention indices with the name, struc­
ture, and identification method for the compound each index 
represents 
Retention Identification 
Index Name Structure Method 
1238 phthalaldehyde 
HO 
HO 
GC 
GC-MS 
GC-FTIR 
1279 (E) and (Z)-l-methyl-
1296 1,3-dimethoxyphthalan 
€H3 
H3 
GC-MS 
GC-FTIR 
1291 2-methylnaphthalene GC 
GC-MS 
1308 1-methylnaphthalene GC 
GC-MS 
1310 phthalic anhydride GC 
GC-MS 
GC-FTIR 
128 
Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1318 
1321 
1328 
1339 
(E) and (Z)-l,3-
dimethoxyphthalan 
(E) and (Z)-l,3-di— 
methyl-1,3-dimethyl-
phthalan 
GC-MS 
GC-FTIR 
GC-MS 
1334 2-acetylbenzaldehyde GC-MS 
GC-FTIR 
1354 methyl 2-formyl-
benzoate 
CO2CH3 
GC 
GC-MS 
GC-FTIR 
1359 2-formyl-3-methyl-
benzaldehyde 
HO 
:H0 
GC-MS 
1360 2-formyl-4-methyl-
benzaldehyde 
GC-MS 
GC-FTIR 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1381 3-methoxy-3-
methylphthalide 
H3 GC 
GC-MS 
GC-FTIR 
1399 o-diacetylbenzene "3 
"3 
GC 
GC-MS 
GC-FTIR 
1402 3-methoxyphthalide o H3 GC GC-MS GC-FTIR 
1414 methyl 2-acetyl-
benzoate 
GC 
GC-MS 
GC-FTIR 
1420(A) methyl 2-formyl-6-
methylbenzoate 
(or positional isomer) 
HO 
O2CH5 
GC-MS 
1420(B) 1,3-dimethyl-
naphthalene 
GC 
GC-MS 
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Table 6. Continued 
Retention Identification 
Index Name Structure Method 
1439 2,3-dimethyl- ffm)! GC 
naphthalene GC-MS 
1443 1,4-dimethyl- GC 
naphthalene GC-MS 
1454 1,2-dimethyl- U)U)\ GC 
naphthalene GC-MS 
1455(A) methyl 2-formyl- H(0CH3)2 GC 
benzoate dimethyl GC-MS 
acetal GC-FTIR 
/v^ 02C-H3 GC 
1455(B) dimethyl phthalate GC-MS 
GC-FTIR 
1466 methyl 2-formyl-3- GC-MS 
methylbenzoate [Cyl GC-FTIR 
(or positional isomer) '''^d02CH3 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1469 3-hydroxy-l-
indanone 
GC-MS 
1474 methyl 2-formyl-5-
methylbenzoate 
(or positional isomer) 
:HO 
"^3 
GC-MS 
GC-FTIR 
1476 3-methoxy-7-methyl-
phthalide 
(or positional isomer) 
HV.^0CH3 GC-MS 
1479(B) methyl 2-formyl-4-
methylbenzoate 
(or positional isomer) 
1497 3-methoxy-4-methyl-
phthalide 
HO GC-MS 
GC-FTIR 
GC-MS 
GC-FTIR 
1517 (Z)-2-(l-buten-3-one)-
benzaldehyde 
HO 
GC-MS 
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Table 6. Conciaued 
Identification 
Structure Method 
Retention 
Index Name 
1520 3-methoxy-6-methyl-
phthalide 
(or positional isomer) 
GC-MS 
GC-FTIR 
1530 3-methoxy-5-methyl-
phthalide 
(or positional isomer) 
GC-MS 
GC-FTIR 
1532 methyl 2-formyl-5,6-
dimethylbenzoate 
(or positional isomer) 
Cd 
HO 
O2CH3 
GC-MS 
1538 methyl 2-formyl-3,6-
dimethylbenzoat e 
HO 
:02CH3 
GC-MS 
GC-FTIR 
1542 dimethyl 3-methyl-
phthalate 
GC-MS 
GC-FTIR 
1545 (Z)-3-(2-formylphenyl)-
2-butenal 
"\:HO 
HO 
GC-MS 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1547 ( z)-2-(l-methyl-l-buten-
3-one)benzaIdehyde 
GC-MS 
1549 ( z)-2-(2-methyl-l-buten-
3-one)benzaldehyde [Q lOCH-, GC-MS 
1554 (Z)-3-(2-formylphenyl)-
2-methylpropenal 
HO GC-MS 
1557 2-formyl-4,5-dimethyl-
benzaldehyde 
GC-MS 
1566 methyl (Z)-3-(2-formyl-
phenyl)-2-butenoate 
"^'"^ CHO 
GC-MS 
GC-FTIR 
1569 (E)-3-(2-formylphenyl)-
2-methylpropenal 
yCHO 
GC-MS 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1574 dimethyl 4-methyl- ^ GC-MS 
phthalate \'''''^02CH3 GC-FTIR 
1578 methyl 2-formyl-4,6-
dimethylbenzoate 
(or positional isomer) 
HO 
:02CH3 
GC-MS 
1583 (E)-3-(2-formylphenyl)-
2-butenal 
HO 
GC-MS 
1585 methyl (Z)-3-(2-acetyl-
phenyl)-2-butenoat e 
GC-MS 
GC-FTIR 
1598 (Z)-3-(2-acetylphenyl)-
2-butenal o HO 
GC-MS 
GC-FTIR 
1601 (Z)-3-(2-formyl-5-methyl-
phenyl)propenal 
(or positional isomer) 
GC-MS 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1606 3-methoxy-4,6-dimethyl-
phthalide 
(or positional isomer) 
GC-MS 
1611(A) methyl (Z)-3-(2-formyl-
phenyl)-2-methyl-2-
butenoate 
1611(B) dimethyl 3,5-dimethyl-
phthalate O2CH3 
GC-MS 
GC-MS 
1612 (Z)-3-(2-formyl-4-
methylphenyDpropenal 
(or positional isomer) 
GC-MS 
1616(A) methyl (E)-3-(2-formyl-
pheny1)-2-but enoat e 
\ 
HO 
GC-MS 
GC-FTIR 
1616(B) methyl (Z)-2-(l-methyl-
l-buten-3-one)benzoate OCH, 
2CH3 
GC-MS 
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Table 6. Continued 
Identification 
Structure Method 
Retention 
Index Name 
1617 methyl 2-formyl-3,4-
dimethylbenzoate 
(or positional isomer) 
CHO 
Q 
2CH5 
GC-MS 
1618 (Z)-3-(2-formylphenyl)-
2-methyl-2-butenal ©5-
GC-MS 
1619 methyl (Z)-3-(2-methyl-
oxycarbonylphenyl)-2-
butenoate 
GC-MS 
GC-FTIR 
1621 (E)-2-(l-buten-3-one)-
benzaldehyde 
HO 
\oCH, 
GC-MS 
1622 (Z)-3-(2-acetylphenyl)-
propenal __/CHO 
GC-MS 
1627 methyl 2-formyl-4,5-
dimethylbenzoate 
HO 
O2CH3 
GC-MS 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1637 (Z)-3-(2-acetylphenyl)-
2-methylpropenal 
HO GC-MS 
1638 
1639 
(E)-2-(2-methyl-l-
buten-3-one)benzal-
dehyde 
(E)-3-(2-acetylphenyl)-
2-butenal 
-CHO 
GC-MS 
GC-MS 
1647 3-methoxy-6,7-dimethyl-
phthalide 
(or positional isomer) 
H^0CH3 
GC-MS 
1656 (Z)-5-hydroxy-3,5-benzo-
2-pentenal 
GC-MS 
1658 (E)-3-(2-formyl-5-
methylphenyl)propenal 
(or positional isomer) 
_/CHO 
GC-MS 
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Table 6. Continued 
Retention 
Index Name Structure 
Identification 
Method 
1664 (E)-3-(2-formyl-4-
methylphenyl)propenal 
(or positional isomer) 
HO 
HO 
GC-MS 
1680 3-me thoxy-5,6-
dimethylphthalide 
H^/0CH3 
CO GC-MS GC-FTIR 
1685 methyl (E)-3-(2-formyl-
phenyl)-2-methyl-2-
butenoate 
CO2CH3 
GC-MS 
1686 (Z)-l-(2-acetylphenyl)-
l-buten-3-one "^3 
GC-MS 
1720 dimethyl 4,5-dimethyl-
phthalate 
GC-MS 
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DISCUSSION 
Preliminary Work 
Reaction conditions 
The reagent blanks used for studying the ozonolyses in n-hexane and 
methanol became particularly important in interpreting the results of 
the ozonolysis reactions. The reagent and reaction blanks were used 
primarily to detect any contamination in the oxygen feed gas, gas lines, 
discharge tube, or solvent. Plasticizer contamination such as the 
phthalates represented a serious interference in these ozonolyses since 
many of the ozonolysis products were phthalates or structurally similar 
types of compounds. The oxygen feed gas, gas lines, and solvent were 
shown to be free of contamination when oxygen alone was bubbled through 
the solvent. However, when ozone was included in the reagent-apparatus 
blank, serious contamination resulted. It was not clear initially what 
the source of the contamination was but it soon became evident that the 
solvent itself, n-hexane in the first experiments, was reacting with the 
ozone. This was surprising considering the amount of contamination 
found and the fact that n-pentane has often been used as an "inert" 
solvent for ozonolysis reactions of alkenes (41). 
The reaction of ozone with alkanes has not been widely known pri­
marily because ozone's reactivity toward double bonds has dominated 
scientific interest. Ozone's reactivity toward saturated organic com­
pounds has been known since 1855 (91) and was reported several times 
before the turn of the century. At this point, interest in ozone's 
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reactivity toward saturated organic compounds began to wane. It was 
replaced by an interest in its reactivity toward unsaturated systems 
and only this characteristic of ozone's chemistry seemed to persist in 
later years as common knowledge. Indeed, ozone's reactivity toward 
saturated compounds, including the alkanes, was so completely forgotten 
that Durland and Adkins (92) in 1939 were credited by many of the later 
investigators with the "discovery" of ozone's reactivity toward the 
alkanes. Durland's and Adkins' "discovery" was in reality only a 
revival of interest in this chemistry of ozone. Ozone has since been 
shown to react with many members of the alkanes. Most of the low molec­
ular weight alkanes, up through butane, were studied in the vapor phase 
(93-96). The ozonation of the higher molecular weight alkanes starting 
with the pentanes and hexanes (97-100) was usually investigated in the 
liquid phase. Results have been reported on the ozonolysis of some of 
the heptanes and octanes (98,100), decane (100-102), 2,7-dimethyloctane 
(103), tetradecane (100,101,104), and octadecane (105). The products 
obtained for most of these reactions were what one would expect for a 
free-radical type oxidation. For example, decane and octadecane both 
yielded alcohols and ketones resulting from the oxidation of each of 
the methyl and methylene groups in the molecule. Decane also yielded 
the C^-Cg monocarboxylic acids, plus various lower molecular weight 
alcohols and multifunctional compounds. 
The mechanism for these oxidation has been a topic of interest 
since the late 1950s. Originally, it was thought, from research involving 
predominantly vapor phase reactions of the lower molecular weight alkanes. 
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that the mechanism was a radical-type, ozone-initiated autoxidation 
(106,107). More recently, however, evidence has indicated that ozone 
reacts with the saturated carbon-hydrogen bond of alkanes, as well as 
with ethers, aldehydes, and acetals by a concerted reaction involving 
the 1,3-dipolar insertion of the ozone molecule into the carbon-hydrogen 
bond (10,108-120) . This mechanism was originally suggested by Price and 
Tumolo (108) in 1964 when they investigated the ozonation of ethers, and 
their results were quickly supported by White and Bailey (109) and 
Erickson and co-workers (110) in 1965 with their work involving 
aldehydes. The currently accepted 1,3-dipolar insertion mechanism is 
shown in Fig. 28. The hydrotrioxide intermediate shown in the figure is 
believed to dissociate into the free radicals indicated and eventually 
yield stable nonperoxidic products, such as alcohols and ketones, which 
are normally observed as products. 
•H • ...l-J — -c—OOOH 
RO- 'OOH 
Figure 28. The 1,3-dipolar insertion mechanism for the reaction of 
ozone with carbon-hydrogen single bond (10) 
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The products observed for the ozonation of n-hexane and n-heptane 
shown in Table 3 were certainly no surprise after reviewing the litera­
ture. The products and relative amounts produced were in good agreement 
with the results mentioned previously for decane (102) and octadecane 
(105). An unexpected result or trend in these data for n-hexane and 
n-heptane and those reported earlier for decane and other alkanes was 
the relatively large amounts of chain fragmentation and carboxylic 
acids which occurred. This was an obvious departure from the alcohols 
and ketones predicted from the mechanism described above. A good ex­
planation for this departure was the fact that when these reactions 
were performed, a rather hostile oxidative environment was created in 
solution. Ozone, peroxides, and peroxyacids were probably all present, 
particularly when the ozonation reaction was performed at room tempera­
ture. If this was true, then obviously there were many opportunities 
for the initial alcohol and ketone products to be oxidized further. 
This idea was supported by the fact that chemical tests indicated that 
peroxides were present in the n-hexane ozonation product mixture. Also, 
only about 50% of the total mass of the high boiling residue remaining 
after the ozonation of n-hexane could be accounted for by the identified 
products. 
Methanol was also found to react with ozone, as one would expect 
from the literature (10). A high boiling residue was produced from the 
ozonation of pure methanol, but no products having a boiling point 
higher than methanol could be identified by GC and GC-MS. This was not 
unexpected since methanol is known to be oxidized by ozone to 
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formaldehyde and formic acid and these products would not have been 
readily detected under the conditions used for analysis of the residue. 
Other products such as peroxides, peroxyacids, and polymeric material 
were probably also present. 
A recent and interesting sidelight to the study of the ozonation 
of alkanes has involved the realization that silica can act as a hetero­
geneous catalyst for these reactions (121-124). When an ozone/oxygen 
gas stream is passed through a bed of silica gel on which the alkane is 
adsorbed, the alkane is oxidized selectively to an alcohol or ketone in 
high yield. This reaction has been used quite successfully by synthetic 
organic chemists to functionalize alkanes. The technique is typically 
referred to as "dry ozonation" and it has been used for the ozonolysis 
of unsaturated compounds (124) as well as for the ozonolysis of alkanes. 
This dry ozonation reaction is worth making note of because it might 
have some important environmental implications. The higher molecular 
weight organic compounds contaminating our atmosphere are predominantly 
absorbed on particles, such as fly ash. The composition of these par­
ticles is inorganic and, in many cases, contains a high percentage of 
silica or silicates. One could speculate that the particle may catalyze 
the reaction of absorbed organic compounds with ozone in the atmosphere 
to produce polar products including low molecular weight aldehydes and 
ketones which are known atmospheric pollutants. There have been some 
results which indicate that the very hazardous epoxides of PAHs such as 
benzo(a)pyrene can be produced under these circumstances (125). 
144 
There are other explanations for the free-radical type oxidation of 
the n-hexane and methanol solvents. Nitrogen dioxide and nitrous oxide 
are known to initiate free radical photooxidations in the atmosphere 
(126) and could cause the same types of reactions to occur in n-hexane 
and methanol. This possibility seemed remote since, according to the 
manufacturer's specifications, the amount of nitrogen and nitrogen 
oxides in the oxygen being used for a feed gas was less than 0.05 mole 
percent. This amount was almost 100-fold less than the 2-4 mole percent 
ozone present in the oxygen gas stream. If nitrogen oxide free radi­
cals were reacting with the n-hexane, then nitro-substituted products 
would also be expected, but none were characterized. Two other reactive 
species which are possible, but even less likely than the nitrogen 
oxides, are atomic oxygen and diatomic oxygen in an excited state. Both 
species were undoubtedly produced in the discharge tube, but it was 
unlikely that they would have survived passing through the copper tubing 
leading to the reaction vessel. 
The demonstration that the n-hexane and methanol solvents can react 
with ozone had two important implications on the ozonolyses of the 
methyl- and dimethyInaphthaienes in these solvents. The first implica­
tion was that the carbon-hydrogen bonds of the methyl substituents on 
the naphthalene ring system might react with ozone. This possibility 
was discounted because the double bonds of the naphthalene ring system 
are at least 100-1000 times more reactive towards ozone than the carbon-
hydrogen bonds of the methyl groups. The second implication was that 
if the solvent oxidation occurs during the ozonolysis of the methyl-
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and dimethylnaphthalenes, then the ozonolysis intermediates and products 
would be exposed to other oxidants such as peroxides. The products 
characterized, therefore, might be primary products resulting from the 
oxidation by ozone or secondary products resulting from further oxida­
tion of the primary products. The oxidations of the primary products 
may or may not involve ozone. 
Problems originating from the reaction of the solvent during the 
ozonolyses of the methyl- and dimethylnaphthalenes were avoided when 
the reaction time was very carefully controlled. Naphthalene and its 
methyl derivatives react much faster with ozone than either of the two 
solvents, therefore, it was possible to limit the amount of ozone intro­
duced into the reaction solution in order to prevent reaction of the 
solvent. Figure 2 shows the results for the ozonolysis of 1-methyl-
naphthalene in n-hexane where the relative concentrations of 1-methyl-
naphthalene and the solvent oxidation products were monitored periodi­
cally. As expected, the concentrations of the solvent oxidation prod­
ucts increased sharply as the concentration of l-methylnaphthalene 
approached zero. If the reaction was stopped after 6-8 minutes, the 
characterization of the ozonolysis products for l-methylnaphthalene was 
not complicated by the ozonation products of n-hexane. Likewise, for 
the ozonolysis of l-methylnaphthalene in methanol, a reaction time of 
10-12 minutes kept ozonation of the methanol solvent to a minimum. 
The disappearance of the naphthalene derivative was actually the 
best criteria to use for determining total reaction time in all three 
solvents. Stopping the reactions at this point avoided problems 
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encountered with oxidation of the n-hexane and methanol solvents as 
discussed above. There were also several other good reasons for stopping 
the reactions at this point in water. The initial stages of oxidation 
of the naphthalene derivatives were of the most interest environmentally. 
These initial stages would most likely produce products of lower water 
solubility and biodegradability, i.e., products which have at least one 
and maybe both of the aromatic rings intact. Further oxidation of the 
ortho-substituted benzene products would produce highly functionalized 
two- and three-carbon compounds which are more water soluble and biode­
gradable and, therefore, usually less of an environmental concern. The 
initial stages of the oxidation are also the most important mechanisti­
cally, as the LITERATURE REVIEW has indicated. The mechanism involved 
in the breaking of the first two double bonds of the naphthalene ring 
system was of the greatest interest in earlier work. Further oxidation 
of the ortho-substituted benzene products was, mechanistically speaking, 
a different problem. 
It was reported in the RESULTS section that generally about 3 molar 
equivalents of ozone were added to the solution for the reactions in 
n-hexane, 4-5 molar equivalents for the reactions in methanol, and 8 
molar equivalents for the reactions in water. It was apparent from the 
products characterized that for most of the reaction, amounts less than 
two molar equivalents of ozone reacted with the naphthalene ring system, 
thus, a considerable amount of the ozone added to solution was "wasted". 
There could have been several reasons for this . It was possible that 
some of the gaseous ozone simply did not dissolve in the solvent and 
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was carried through the reaction solution with the oxygen gas stream 
and eventually exited the reaction vessel. Ozone which did dissolve 
could have still been purged from the reaction vessel if it did not 
react fast enough with the organic material in solution. A third possi­
bility which seemed likely was that some of the ozone introduced into 
solution was undergoing reactions with the solvent. Ozone's reactivity 
with n-hexane and methanol has already been discussed, and ozone is 
known to react with water depending on the pH and the nature of con­
taminating inorganic and organic substances in the water (11) . Ozone 
can produce hydroxyl and perhydroxyl radicals in water, particularly at 
high pH, and these radicals can then react in a variety of ways. A 
fourth possibility was that some of the ozone reacted with the products 
produced after the initial reaction of the first two double bonds of 
the naphthalene ring system. Some of the reactions performed in the two 
organic solvents could have been taken past the desired endpoint, i.e., 
95-100% reaction of the methyl- or dimethylnaphthalene. In these reac­
tions, ozone had an opportunity to react with the benzene rings of the 
substituted benzene products. Further reaction of the substituted 
benzene products would have a tremendous effect on the stoichiometry of 
the reaction since three molecules of ozone are involved for every 
benzene ring which reacts. 
The preceding paragraphs described the importance of the reaction 
time for these ozonolyses, but there was a second reaction condition 
which was also very important, namely temperature. The reaction tempera­
ture chosen for the reactions in all solvents was room temperature. 
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i.e., 20-25°C. This temperature was chosen for the aqueous ozonolyses 
primarily because this would be the temperature at which trace organic 
compounds in water would be exposed to ozone in a water treatment plant. 
The ozonolyses in the organic solvents were performed at the same tem­
perature so that comparisons of products with those from the reactions 
in water would be valid. Many of the problems encountered with the 
oxidation of the n-hexane or methanol solvents would have been avoided 
if the reactions in these solvents were performed at temperatures of 
0° to -70°C. The reactions in water obviously could not be performed at 
these temperatures. The ozonolyses could have been done at higher 
temperatures in water as was done by Chen and co-workers (32) with the 
advantage of an increased aqueous concentration of the naphthalene 
derivative. The disadvantage of performing the aqueous ozonolyses at 
higher temperature was that these reaction conditions were environ­
mentally unrealistic and comparisons with the reactions in the organic 
solvents would not necessarily be valid, 
Reactant concentration was a third, very important consideration, 
particularly for the reactions in water. Previous studies involving 
the aqueous ozonolysis of naphthalene used a water-miscible organic 
solvent (36) or emulsions (37) to increase the concentration of 
naphthalene in the aqueous media. Once again, this was considered 
environmentally unrealistic. The presence of an organic solvent could 
also conceivably complicate the chemistry of the reaction in water. The 
methyl- and dimethylnaphthalenes were, therefore, dissolved in pure 
water at concentrations well below the compounds' solubility limit. The 
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solubility limit for 1- and 2-methylnaphthalene was about 26 mg/L and 
that for the dimethylnaphthalenes was about 2.6 mg/L (40). The actual 
amounts of each naphthalene derivative added to the 1 L stock solution 
flasks is presented in Table 4. The amounts added should have given 
concentrations which were only 50-70% of the predicted solubility limit. 
This was done to ensure that the stock solutions were true solutions, 
hopefully devoid of microdroplets or crystals of undissolved methyl- or 
dimethylnaphthalene. The results of the ozonolysis reactions were the 
best evidence that the stock solutions were homogeneous. If microdrop­
lets of pure naphthalene derivative existed in any of the 200-300 ml 
reaction solutions, then a large excess of unreacted starting material 
would have been present in the extracted product mixture. A large 
excess of unreacted naphthalene derivative, however, was not found in 
any of the reactions performed. The concentrations of the stock 
solutions listed in Table 4 were all measured by gas chromatography. 
One interesting point is that the concentrations imply that a portion 
of the added naphthalene derivative did not dissolve and was probably 
lost by adsorption on the glass walls of the flask. Surface adsorption 
of PAHs from aqueous solutions has been shown to cause substantial 
losses of these compounds from solution within short periods of time 
(90). The relative amounts of the dimethylnaphthalenes lost were quite 
large, but the concentrations of dissolved dimethylnaphthalenes were 
still high enough to allow relatively easy analysis of the ozonolysis 
products by GC-MS. The much lower concentrations of dimethylnaphtha­
lenes did prompt the use of 300 ml volumes of stock solution for the 
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ozonolyses instead of the 200 ml used for 1- and 2-methylnaphthalene. 
The concentration of 2,3-dimethylnaphthalene was particularly low because 
there was some difficulty in dissolving this crystalline solid. The 
lattice energy of the crystals prevented much of the material from 
dissolving so the remaining undissolved solid had to be removed by 
filtration before the stock solution could be used. 
The concentrations chosen for the reactions in the organic solvents 
were arbitrary. The use of concentrations in the range of 2.5-3.0 
millimoles was enough material to allow milligram quantities of products 
to be isolated and characterized by spectroscopic techniques such as NMR 
when required. The use of NMR spectroscopy for characterization of the 
products from the water reactions was not feasible due to the low con­
centrations of material reacted. The option to use NMR, if required, 
for products produced in the organic solvents was a distinct advantage 
especially if the same products were produced in water. Unfortunately, 
for strict comparisons to be made with the reactions in water, the 
concentration of naphthalene derivatives reacted in the organic solvents 
should have also been in the part-per-million range. 
The ozone dosage level and contact-time was a fourth and final re­
action condition considered and again was especially important for the 
reactions in water. The ozone dosage level was the amount of ozone 
applied to the water solution and was expressed in mg/L. The contact 
time was the length of time that a given volume of water was exposed to 
high levels of ozone. Since the original intention of this investigation 
was to study the fate of trace organic compounds in a water treatment 
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plant utilizing ozone, it seemed logical to simulate dosage levels and 
contact times simulating those used in the treatment process. There 
were two problems to this approach, however. The first was that repro­
ducing the ozonation conditions of the treatment plant exactly would 
demand making a laboratory-scale replica of the treatment plant reactor. 
This would be difficult and expensive at best. The second problem was 
deciding which treatment process conditions to simulate. Depending on 
whether ozone is being used as a disinfectant, for color and odor con­
trol, or for the degradation of industrial wastes, the ozone dosage 
levels and contact times vary tremendously. For disinfection, the 
dosage levels and contact times are typically 1-5 mg/L for 0.5-5 
minutes. When ozone is used for the degradation of industrial wastes, 
the dosage levels and contact times can be as high as 90 mg/L and 25 
minutes (127). As was described earlier, a chemical criterion was used 
for determining total ozone dosage and contact or reaction time in these 
investigations. The reaction time, or contact time of the ozone with 
the solution, was determined by how long it took the starting naphthalene 
derivative to react. This criterion obviously had little to do with 
water treatment processes, but it was strongly justified both environ­
mentally and mechanistically as was discussed earlier. However, if 
total ozone dosage was calculated for the water reactions of 1- and 
2-methylnaphthalene in this studies, the level was approximately 60 mg/L 
with a contact time of 2.5 minutes. The level for the dimethylnaphtha-
lenes was approximately 6 mg/L with contact times of around 0.3 minutes. 
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It is safe to say that the ozonation conditions used in this investiga­
tion were reasonably mild. 
Post-reaction treatment 
The post-reaction treatment used was highly dependent on whether 
the peroxidic or nonperoxidic products were of the greatest interest. 
For this investigation, the nonperoxidic products were more of a con­
cern. They have greater chemical stability and, therefore, would be 
more persistent in the environment. The first step of the post-reaction 
treatment involved the conversion of the peroxides formed initially to 
nonperoxidic products. The second step involved the extraction and 
concentration of these products in the case of water, or just concen­
tration in the case of the two organic solvents. The final step in the 
post-reaction treatment involved derivatization since carboxylic acids 
were thought to be likely products and derivatization would facilitate 
their gas chromatographic analysis. The steps involved in the post-
reaction treatment are discussed in the following paragraphs. 
The peroxidic products which were formed initially in n-hexane were 
allowed to decompose by natural means to nonperoxidic products. The 
white, flocculent solid obtained from the reactions in n-hexane was 
probably a polymeric ozonide, the structure of which has been reviewed 
by Bailey (10) and discussed in the LITERATURE REVIEW. This solid was 
found to decompose to a brown oil if the solution was allowed to stand 
for 48 to 72 hours. When the hexane solution was concentrated, analysis 
revealed good yields of the nonperoxidic products, i.e., 60-90%. 
Apparently hydrolytic decomposition of the polymeric ozonide was 
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reasonably effective in converting the ozonide to products which could 
be analyzed by gas chromatography. There is some evidence for this in 
the literature (41,128,129) and the probable routes of decomposition 
involve either hydrolysis or acidolysis promoted by trace amounts of 
water or formic and acetic acids, respectively. The reaction solutions 
undoubtedly picked up water on standing and formic and acetic acids 
were likely ozonation products from either the naphthalene derivative 
or the n-hexane solvent. 
The peroxidic products produced in methanol were also allowed to 
decompose by natural means. Much of the earlier literature dealt with 
attempts at chemically reducing the monomeric cyclic peroxides, but most 
procedures were not completely successful- Hydrolysis or acid and base 
catalyzed decomposition of the peroxides to nonperoxidic products 
appears to occur preferentially (10). This seems to be generally true 
for alkoxyaryl hydroperoxides (41,130). For this reason and also for 
the benefit of comparison, the methanol reaction mixtures were treated 
in the same manner as the reactions in n-hexane and allowed to stand 
48-72 hours before concentration and analysis. The yields of nonperoxi­
dic products were once again fairly good. 
The peroxidic products formed in the water reactions were similar 
to those formed in methanol. Previous studies (31,36,37,41,131) indi­
cated that the peroxides in water are more susceptible to decomposition 
than the peroxides in methanol. The product mixtures in water were, 
therefore, made acidic to promote decomposition of the peroxides and 
facilitate extraction of acidic products. The solutions were then 
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extracted immediately after the reaction with ozone. The yields of 
nonperoxidic products were, once again, tractable. No experiments were 
performed without acidification, thus, it was not known whether the 
acid actually helped promote or catalyze the decomposition of the per-
oxidic products. It is felt at this point that its benefit was probably 
only marginal. One experiment was performed in which the aqueous 
product mixture was first made basic and then made acidic before extrac­
tion. It was considered that base would give a more complete decomposi­
tion of the peroxidic products. The results, which are discussed in 
detail later in this section, indicated that there was no improvement in 
the yields of the nonperoxidic products over just acidifying reaction 
mixture. 
The methods described above for treatment of the product mixtures 
before analysis were certainly compromises. The yields of gas chroma-
tographable products were only fair and indicate that 10-40% of the 
products in each mixture were peroxidic and not amenable to this method 
of analysis. This is probably the best explanation for possible missing 
products. The methods used did have one advantage aside from simplicity. 
The use of oxidizing or reducing agents for the product mixtures in 
water would have been a departure from the real environmental situation 
in a water treatment plant where a chemical post-ozonation treatment 
would not be used. By treating the product mixtures in the organic 
solvents in the same manner, comparisons between products in the three 
solvents could still be made. 
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The products from the reactions in water had to be extracted or 
removed from the water and concentrated before they could be analyzed by 
gas chromatography. Liquid-liquid extraction was used for all the 
product mixtures because it was convenient and effective for the types 
of compounds found as products. The extraction efficiencies for some 
typical ozonolysis products using methylene chloride and ethyl ether as 
extracting solvents are listed in Table 5. Ethyl ether is definitely a 
better extracting solvent for these compounds, especially for 2-hydroxy-
benzoic acid, but this solvent has several disadvantages which made 
methylene chloride the solvent of choice. Ethyl ether is inherently 
impure as purchased from the manufacturer because it contains relatively 
high concentrations of BHT added as an antioxidant. The BHT can be re­
moved by distillation, but ethyl ether will then begin to pick up 
peroxidlc impurities which are not only hazardous but detrimental to 
sample integrity. The integrity of the sample was an important consid­
eration since the mixtures contained aldehydes which are easily 
oxidized by peroxides. Methylene chloride, in contrast, is available as 
a very pure and stable solvent. The lower extraction efficiencies for 
the monocarboxylic acids was not considered a serious drawback as long 
as the acids were extracted. The high sensitivities of the GC and 
GC-MS techniques used for analysis made up for the low extraction 
efficiencies. Phthalic acid was not extracted by either solvent due to 
the compound's high solubility in water. This obviously presented a 
problem if phthalic acid was suspected as a product for any of the 
reactions. A recently published technique (132) for concentrating 
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neutral and acidic compounds from aqueous solution could have solved 
the problem with phthalic acid and maybe improved the yields of the 
other acids substantially. The technique involved the use of a XAD-4 
anion exchange resin in the hydroxide form to trap both hydrophobic 
neutral compounds and acids from a water sample. The neutral species 
were then removed with methanol or ethyl ether and the acids with 
acidified ethyl ether. This procedure might be applicable to these 
ozonolysis product mixtures, however, its application was not necessary 
since acids were not produced to any significant extent in the water 
reactions. 
After extraction, the concentration of the methylene chloride ex­
tracts was relatively straightforward. A Kaderna-Danish apparatus was 
used according to the procedure described by Junk et al. (81). This 
method required only mild heating of the products and it was quantita­
tive. The concentration of the product mixtures in n-hexane and 
methanol was accomplished with a rotary evaporator. This method was 
mild, but unfortunately not quantitative. Some of the more volatile 
products, such as o-phthalaldehyde and 2-acetylbenzaldehyde, were lost 
during the concentration. The volatilization of o-phthalaldehyde, 
especially, might have been quite substantial but it was never complete, 
so qualitatively the mixtures were not changed. 
Diazomethane was used for the derivatization of all product mix­
tures. It is a clean, fast, mild and effective methylating reagent for 
carboxylic acids. It also effectively derivatizes most phenols if a 
small amount of alcohol solvent is present (133). Unfortunately, 
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diazomethane can produce some undesirable side reactions depending on 
the functionality of the molecules to which it is exposed. Diazo-
methane's reaction with aldehydes has been reported (134) and is shown 
below in Fig. 29. This reaction was of particular concern for the 
Figure 29. The reaction of diazomethane with benzaldehyde 
ozonolysis product mixtures since aldehydes were frequently present in 
these mixtures. This side reaction was not a problem for the product 
mixtures from n-hexane and methanol since the more easily derivatized 
acids were present. It was a severe problem, however, for the product 
mixtures from water where no acids were produced. This problem is dis­
cussed more completely later in this section when product characteriza­
tions for the aqueous ozonolyses are dealt with. 
+ 
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Analysis 
Capillary gas chromatography was chosen as the most useful separa­
tion technique for analysis of the nonperoxidic products. High resolu­
tion capillary columns gave excellent selectivity and reproducible re­
sults over a long period of time. The relative retention times of the 
ozonolysis products as measured by capillary gas chromatography were 
very useful for the analysis and correlation of the ozonolysis product 
mixtures. Ko vats (82), in 1958, was one of the first to exploit the 
advantages of relative retention times. He developed a retention index 
system based on the comparison of the retention times of compounds of 
interest to the retention times of an homologous series of n-alkanes. 
For isothermal analyses on most stationary phases, the relationship 
between carbon number, in this homologous series, and the retention time 
is exponential. The retention index is synonymous with carbon number 
and, therefore, linearly related to the logarithm of the retention time. 
The retention index for a compound of interest can be determined by the 
following equation. 
log 
(sample) 
- TR 
I 100 
log ÏR - log 
+ lOOZ 
(C^ + I) 
I index 
T, = retention time of sample 
R (sample) 
T retention time of n-alkane of Z carbon atom eluting 
immediately before the sample 
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T = retention time of n-alkane with Z + 1 carbon atoms 
(C^ + l) 
This relationship can be used to calculate a retention index for every 
compound in a mixture whose retention time falls within the retention 
times of the homologous series of n-alkanes used for comparison. The 
retention index system can also be used with temperature programmed 
operation and, in this case, an approximately linear relationship exists 
between retention time and carbon number of the n-alkanes (83). The 
formula for the interpolated index of a compound of interest is: 
\ \ (sample) (C ) 
I = 100 = = — + 100 
R " 
^(Cg + l) V^) 
This formula for the retention index calculation using a series of 
n-alkanes with temperature programmed operation was adapted somewhat for 
the analysis of the ozonolysis product mixtures. Figure 30 shows a 
plot of carbon number versus retention time for the - CgQ n-alkane 
mixture used for all index calculations. The relationship was not 
linear as expected, but instead had some curvature. The best mathemati­
cal description of the relationship was a quadratic curve and for this 
particular set of data, the equation turned out to be 
I = 753.6 + 26.15X + 0.5203X^ 
This equation was determined using a quadratic regression analysis (84) 
to find the form of the best fitting curve. The simple substitution of 
the n-alkane retention times back into the equation demonstrates that 
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Figure 30. A plot of retention time versus carbon number for the normal 
alkane series through C20 using the standard temperature 
programming conditions described in the METHODS section 
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the calculated curve fits the data very well. Analysis of variance 
techniques can also be used to establish that the quadratic equation 
provides a significantly better fit to the data than a straight line. 
The retention indices of mixture components were calculated using 
the quadratic formula determined from the elution of the hydrocarbon 
series. The hydrocarbon series was analyzed and the corresponding 
quadratic equation determined each day that sample mixtures were 
analyzed. The precision of calculated retention indices was very good 
during the 18 months that data was collected. Two good examples are 
the retention indices for 2-acetylbenzaldehyde and methyl 2-acetyl-
benzoate which were measured repeatedly during this period. The reten­
tion indices of these two compounds had relative standard deviations of 
0.1% and 0.07%, respectively. 
Gas chromatographic analysis using the method of standard addi­
tions provided the quantitative data for the oxidation products of 
n-hexane and n-heptane shown in Table 3. This method was a logical 
choice since the mixtures contained a wide range of compounds and 
authentic samples of each were available. Peak heights for the standard 
addition plots were linear in a 3- to 4-fold concentration range for all 
products. 
The quantitation of the methyl- and dimethyInaphthaienes by direct 
aqueous injection on a Tenax column was done using external standards. 
Isothermal analysis was used in most cases which had the advantages of 
speed and chromatographic stability over a temperature programmed 
analysis. An internal standard was added to the aqueous sample before 
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analysis so the differences in the injection-vaporization process for 
each sample and standard could be normalized. This was important for 
the packed column Tenax analyses because small 0.5-1.0 microliter 
volumes were being injected onto the column and the injections could 
not be reproduced accurately. The relative standard deviation of peak 
areas for repeat injections was typically 4-5% using the internal 
standard method. The experiments involving the measurement of 1- or 
2-methylnaphthalene during a reaction required that a series of 
external standards of varying concentration be used for the quantitation. 
Generally, the peak area was linear with concentration over a 10-fold 
concentration difference for the range of concentrations used. 
The quantitation of the ozonolysis product mixtures analyzed by 
capillary GC was also performed using external standards. There was one 
serious problem in this approach and that was the lack of authentic 
standards for most of the products identified. The solution chosen was 
to use a single compound as an external standard and assume that the 
response factors for all the products were roughly equivalent. Methyl 
2-acetylbenzoate was used initially as the external standard, but it 
was later discarded in favor of dimethyl phthalate. The reason for 
this change was that 2-acetylbenzoic acid had to be derivatized to 
make the methyl ester, and this derivatization process could be a source 
of error in determining the concentration of the methyl ester. 
The assumption that the response factors of the various products 
were approximately the same was fairly accurate for the products from 
n-hexane and methanol. The response factors relative to dimethyl 
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phthalate for methyl 2-formylbenzoate, methyl salicylate, phthalal-
dehyde, and methyl 2-acetylbenzoate are 0.94 0.92, 1.05, and 1.13, 
respectively. Methyl 2-acetylbenzoate was a good representative of the 
average product obtained in the product mixtures of 1-methylnaphthalene 
and 1,2-, 1,3-, and 1,4-dimethylnaphthalene. Since methyl 2-acetyl-
benzoate has a significantly higher response factor (area/weight) than 
dimethyl phthalate, the yields of the products for 1,2-, 1,3-, and 
1,4-dimethylnaphthalene, where dimethyl phthalate was used as an exter­
nal standard, were slightly inflated. 
The equivalence of response factors for the products in the water 
reactions was a poor assumption. A major portion of each aqueous 
product mixture consisted of the mono-ozonolysis products (discussed 
later in this section) which undoubtedly had much higher response fac­
tors than dimethyl phthalate. Authentic samples were not available, 
but the mono-ozonolysis products' response factors relative to dimethyl 
phthalate were estimated at 1.5-2.0 using cinnamaldehyde as a model 
compound. The quantitative data reported for the water reactions could 
have easily been corrected using the above estimate of the response 
factors, but this was not done. If this correction had been made, then 
corrections also had to be made for the extraction efficiencies which 
probably averaged 70% for the products in water. These two corrections 
would have roughly balanced so, consequently, the data were left 
uncorrected. 
Only the yields for identified products have been reported for 
each product mixture. The unidentified material in each chromatogram 
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could easily amount to a molar yield of 10% and maybe as much as 20% 
if some assumptions were made about the molecular weights of these 
unidentified products. When this fact was taken into consideration with 
the reported yields of identified products, the total mass balance for 
each mixture was more respectable. 
A high degree of correlation between gas chromatographic separa­
tions for retention index calculation and mass spectral identification 
was absolutely necessary for this project. The retention indices were 
calculated from a separate gas chromatographic analysis and then 
assigned to peaks in the total ion current chromatograms as described in 
the METHODS section. If the chromatograms for the GC and GC-MS analysis 
of a mixture differed substantially in component retention or relative 
peak intensity, the component retention index-mass spectral correlation 
would have been difficult. Figure 5 shows a typical comparison between 
a total ion current chromatogram and a gas chromatogram of the same 
mixture. The correlation was excellent, so that component to component 
correlations could easily be made by casual observation. Increased 
confidence in the correlations was gained from the presence of compo­
nents in the mixture for which authentic samples were available and, 
therefore, whose retention index and mass spectra were easily recognized. 
For example, the component with retention index 1414 in Fig. 5 is known 
to be methyl 2-acetylbenzoate by comparison with an authentic sample of 
that compound. This component can now serve as a reference point for 
peak to peak correlations in the two chromatograms. 
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The quality of the EI mass spectral data was, in general, very 
good. The concentration difference between major and minor components 
of most mixtures was usually about 10-fold. Since a minimum of 10 ng 
per component is required to give a good quality mass spectrum, the 
concentrations of the mixtures were adjusted to allow approximately 10 
ng of each minor component on the column for each injection. The 
amounts of the major components injected was generally in the range of 
50-100 ng and, therefore, within the capacity of the DB-5 analytical 
column. As a result, the peak shape and general chromatography of the 
separations for the mass spectral analyses were very good. Most EI 
mass spectra were not "background subtracted" for fear of subtracting or 
changing the intensity of the ions present in a component's mass 
spectrum. Column bleed and matrix effects for these analyses were low 
or nonexistent, therefore, subtraction of background was not necessary. 
The appearance of the CI total ion current chromatograms was quite 
different than those obtained for the EI analyses. The background was 
higher because of the presence of high concentrations of reagent gas in 
the source. Although the lower scan range limit was m/z 70, the reagent 
gas did contain some higher molecular weight impurities, i.e., m/z 85 
which can contribute to the background ion current. The background 
slopes upward slightly as the temperature program progresses because the 
column flow changes as the temperature increases. This changes the 
pressure in the source which in turn directly affects the reagent ion 
and reagent impurity ion concentration in the source. Although it is 
not apparent from the total ion current chromatograms, the CI analyses 
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were less sensitive and had a poorer detection limit than the EI 
analyses. Therefore, the CI analyses were usually performed on sample 
concentrations two to five times higher than those used for EI analyses. 
The Gram-Schmidt (G-S) vector orthogonolization method (88,89) is 
currently the most sensitive technique for the reconstruction of chro-
matograms from the interferograms of a GC-FTIR experiment (135). In 
many ways, the G-S plot is analogous to a total ion current chromatogram. 
The signal in a G-S plot has a contribution from every frequency in the 
range of frequencies being scanned, just as the total ion current signal 
has a contribution from every m/z in the scan range used. One important 
difference between a G-S chromatogram and a total ion current chromato­
gram is the difference in the relative intensities of the peaks in each 
trace. The intensities of the peaks in the G-S chromatogram depend on 
the molar absorptivities of the IR absorptions for each component of 
the mixture. The magnitude of the molar absorptivities varies from near 
zero to 2000 (136) . Its value is proportional to the square of the 
change in dipole moment that the particular vibration causes. The 
carbonyl stretching vibration is one of the most intense absorptions 
encountered in organic functionality. The ozonolysis products were 
ideal mixtures to analyze by GC-FTIR because virtually all the ozonoly­
sis products contained at least one carbonyl functional group and, 
therefore, exhibited relatively low detection limits for this technique. 
Figure 31 represents an example of the G-S plot and the GC-FTIR spectrum 
obtained from 220 ng of methyl 2-acetylbenzoate. This spectrum was 
recorded early in the GC-FTIR investigation to get some idea of the 
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Figure 31. G-S trace and infrared spectrum obtained for 220 ng of methyl 2-acetylbenzoate 
analyzed by GC-FTIR using the conditions described in the METHODS section 
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detection limit for a typical ozonolysis product. The signal-to-noise 
ratio for 220 ng of methyl 2-acetylbenzoate from the G-S plot is 9:1. 
The spectrum is acceptable in the 1900-900 cm ^ frequency range which 
was of the greatest interest. In reality, acceptable IR spectra were 
recorded with as little as 100 ng of some of the minor components of the 
ozonolysis mixtures. 
Ozonolysis Products in n-Hexane and Methanol 
The characterization of the ozonolysis products formed in the two 
organic solvents is discussed in this section. The product mixtures 
are represented in Figs. 3-16 as total ion current and G-S chromatograms. 
The discussion concerned with the mass spectral fragmentation patterns 
or infrared absorptions of individual components uses several comprehen­
sive sources of information to support conclusions made about spectral 
data and structures (137-139). 
The reaction of 1-methylnaphthalene with ozone in n-hexane re­
sulted in the product mixture shown in Fig. 3. The major products were 
those expected from the cleavage of the two double bonds in the 
methylated ring. 2-Acetylbenzaldehyde, 1334, and methyl 2-acetyl­
benzoate, 1414, were the major products in this mixture, as expected, 
since they arose from ozone's attack of the most electron rich ring. 
The EI mass spectrum for 2-acetylbenzaldehyde shows a weak molecular 
ion at m/z 148 and the expected loss of 15 to give m/z 133. The ions at 
m/z 105 and m/z 77 are common for aromatic compounds substituted with a 
conjugated carbonyl. Since this was a common functional group for all 
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ozonolysis products, these two ions were usually intense. For 2-acetyl-
benzaldehyde, 1334, m/z 105 was the base peak. Methyl 2-acetylbenzoate, 
1414, gave a very weak molecular ion at m/z 178 in the EI spectrum with 
the expected losses of 15 and 31 for the methyl ketone and methyl ester 
functionality. The identity of methyl 2-acetylbenzoate was confirmed 
by the comparison with an authentic sample. 
The minor products for the reaction of 1-methylnaphthalene in 
n-hexane resulted from ozone attack on the unmethylated naphthalene 
ring. A small amount of 3-methylphthalaldehyde, 1359, was present which 
gave an EI mass spectrum very similar to phthalaldehyde. Since the 
aromatic ring is methylated, the ions normally occurring at m/z 77 and 
105 were 14 mass units higher at m/z 91 and 119. The isomeric, 
methylated aldehydic acids at 1420(A) and 1466 were present in much 
higher concentrations than the dialdehyde. Their EI mass spectrums 
were quite similar showing weak molecular ions at m/z 178 and losses of 
15 and 31 characteristic of methyl esters. Tlie losses of 1 and 29 were 
also evident and support the presence of the aldehyde group. There 
were several odd-electron ions at m/z 150, 146, and 118 which indicate 
the cleavage of two bonds in the molecular ion usually accompanied by 
rearrangement and elimination of a neutral molecule. The presence of 
several odd-electron ions in the mass spectra of these ozonolysis 
products was common, and was due to the close proximity of the func­
tional groups with each other and with the ring methyl group. 
The assignments made in Table 6 for the isomeric ring-methylated 
aldehydic acids were believed correct from both the mass spectral and 
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gas chromatographic data. The earlier eluting isomer at 1420(A) proba­
bly has the polar ester group between the methyl and aldehyde substitu-
ents. The ester group was, therefore, sterically shielded from interac­
tion with other molecules, its boiling point reduced, and GC retention 
time shortened relative to the other isomer. The relative amounts of 
the two isomers were very likely due to steric interactions. The 
aldehydic acid could have resulted directly from the decomposition of 
the peroxidic intermediates or indirectly from the oxidation of the 
dialdehyde, 1359. The oxidation of the dialdehyde would be strongly 
influenced by the steric shielding of the methyl group. 
Finally, the product at 1545 was shown to be the substituted 
cinnamaldehyde expected from the breaking of one double bond in the 
methylated ring. The structure of this product was not evident at first 
due to the lack of a molecular ion in the EI mass spectrum. It was also 
unexpected because previous studies had only reported this type of 
product for 1- and 2-naphthol (56,70) . This compound was the first of 
a series of similar products characterized for reactions of the other 
methyl- and dimethylnaphthalenes, especially for the reactions in water. 
A search of Chemical Abstracts Formula Index indicated that these com­
pounds have never been reported before» Their mass spectral analysis 
and general mechanistic significance is discussed in more detail in the 
later section dealing with the ozonolysis products in water. 
The reaction of 1-methylnaphthalene in methanol produced a much 
more complex mixture of products as shown in Fig. 3.. There were two 
reasons for this increased complexity. The first was that apparently 
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the oxidative environment for this reaction was harsh enough to oxidize 
the acetyl group of the 2-acetylbenzaldehyde, 1334, or methyl 2-acetyl-
benzaldehyde, 1414, produced as major products. The result was the 
production of small amounts of phthalic anhydride, 1310, and methyl 
2-formylbenzoate, 1354. Both compounds were identified positively by 
comparison with authentic samples. The phthalic anhydride was most 
likely present in the mixture as phthalic acid, since phthalic acid is 
known to dehydrate in the injection port of the gas chromatograph. The 
previous literature has observed acetyl group oxidation (49) and 
attributed it to peroxides present in the reaction mixtures. This is 
very likely since peroxides from both the substrate and solvent are 
present, but there was another possibility. This ozonolysis presented 
an almost ideal environment for enolization of the acetyl group. The 
enol form of the acetyl group is known to be susceptible to attack by 
ozone (10)• The second reason for the increased mixture complexity in 
methanol was due to the tendency of methanol to form acetals or pseudo-
acetals with the aldehyde or ketone products. The cyclization of 
2-acetylbenzoic acid and subsequent methylation formed 3-methoxy-3^ 
methylphthalide, 1381, as shown in Fig, 32. This equilibrium and sub­
sequent methylation of either the open or closed forms of the molecule 
accounted for the presence of both methyl 2-acetylbenzoate, 1414, and 
3-methoxy-3-methylphthalide, 1381, in the product mixture. This cycliza­
tion also occurs for 2-formylbenzoic acid producing methyl 2-formyl-
benzoate, 1354, and 3-methoxyphthalide, 1402. The minor, ring-
methylated products were also present as the uncyclized methyl esters. 
Figure 32. The lactonization of 2-acetylbenzoic acid 
esters, 1420(A) and 1466, as as the phthalide derivatives at 1476 and 
1497. The EI mass spectra of the phthalides was predictable. Typically, 
the molecular ion was weak and the loss of the methoxyl group in the 3 
position resulted in the base peak. The loss of the other group in the 
3 position, either a hydrogen or a methyl group, also gave a prominent 
ion. The ring-methylated phthalides also produced ions at m/z 91 and 
m/z 119 which were analogues of the ions normally found at m/z 77 and 
m/z 105, and they were good evidence for the ring-methylated product. 
It was interesting that the phthalide derivatives did not appear in the 
reactions in n-hexane. The same equilibrium between open and cyclized 
forms of the aldehydic acids existed but, apparently, diazomethane only 
methylated the free acid. The hydroxyl group of the 3-hydroxyphthalide 
formed after cyclization was not acidic enough to react with 
diazomethane. 
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Additional products from the reaction of 1-methyInaphthaiene in 
methanol occurred at retention indices 1470, 1479(A), 1542, 1545, 1566, 
1616(A), and 1619. The compounds at 1470 and 1479(A) were not posi­
tively identified. These two products were important products since 
they were seen in other mixtures at substantial concentrations, so their 
EI mass spectra are included in the APPENDIX. The compounds at 1542 
and 1545 were only partially resolved. The EI mass spectrum for 1542 
shows intense ions at m/z 91 and m/z 118 indicating this product is 
definitely ring-methylated. The ion at m/z 177 was the expected base 
peak for dimethyl 3-methylphthalate, 14 mass units higher than the base 
peak for dimethyl phthalate. The ion at m/z 176 was due to a rearrange­
ment involving a transfer of a hydrogen from the methyl substituent to 
the methoxy group of the neighboring ester and elimination of methanol. 
This is a classical example of the "ortho-effect" discussed earlier. 
The products at 1545, 1566, 1616(A), and 1619 all represent cinnam-
aldehyde or methyl cinnamate derivatives resulting from the cleavage of 
only one double bond in the naphthalene ring system. As was mentioned 
previously, these products will be discussed in detail later in this 
section when the aqueous ozonolysis products are considered. 
The GC-FTIR experiments were particularly useful for confirming 
the identify of many of the products formed in methanol. The confirma­
tion was desirable because the mass spectra of many of the compounds, 
particularly the aldehyde- or keto-esters and isomeric phthalides, were 
very similar. Many of the mass spectra differed only in the relative 
intensities of the ions present. For these examples, it was difficult 
174 
to assign unambiguously the correct structure to each mass spectrum. 
The infrared spectra of these compounds helped eliminate these ambigui­
ties because very often the infrared spectra differed in either the num­
ber or frequency of carbonyl absorptions. The G-S plot for the reaction 
of 1-methylnaphthalene with ozone in methanol is shown in Fig. 4. The 
G-S profile was somewhat different than the EI total ion current chro-
matogram because the infrared data were taken several months after the 
mass spectral data. The general mixture profile is the same in the 
G-S plot, but some of the relative intensities have changed. The methyl 
2-acetylbenzoate, 1414, has increased in concentration relative to and 
possibly at the expense of 2-acetylbenzaldehyde, 1334. The relative 
concentration of phthalic anhydride has also increased. Phthalic 
anhydride, 1310, has intense carbonyl absorptions at 1805 cm ^ and 
1867 cm ^ corresponding to the asymmetric and symmetric carbonyl 
stretching vibrations, respectively. As expected for five^embered-
ring cyclic anhydrides, the lower frequency absorption was much 
stronger. The absorption frequencies were higher than expected, and 
this was characteristic of all the gas phase infrared spectra recorded. 
2-Methylbenzaldehyde was expected to have two carbonyl absorptions for 
the aldehyde and ketone present but, unfortunately, they were not 
resolved. The composite absorption was at 1717 cm ^ with a shoulder 
barely perceptible on the low frequency side of the absorption. It was 
interesting to compare this absorption frequency with that of 
-1 -1 phthalaldehyde at 1720 cm and o-diacetylbenzene at 1713 cm . The 
2-acetylbenzaldehyde absorption was obviously just the average of the 
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pure aromatic ketone and pure aromatic aldehyde absorptions. The 
carbonyl absorption of 3-methoxy-3-methylphthalide, 1381, occurred at 
1805 cm . This absorption was one of the highest frequency absorptions 
observed and it is typical of strained five-membered ring lactones. 
The infrared spectra of the isomeric methyl 2-acetylbenzoate, 1414, was 
very different from the phthalide. Methyl 2-acetylbenzoate, 1414, had 
-1 -1 
the ester absorption at 1747 cm and the ketone absorption at 1720 cm 
The absorption at 1273 cm , due to the single bond carbon-oxygen 
stretch, was actually more intense than the carbonyl absorptions and it 
was very characteristic of an aromatic methyl ester. The components of 
the mixture between 1414 and 1497 were not clearly resolved in the G-S 
trace. The broad absorption labeled 1482 appeared to be due to 
2-acetylbenzoic acid. There were three carbonyl absorptions at 1720 
-1 -1 -1 
cm , 1763 cm , and 1809 cm for this peak. The absorptions at 
1720 cm ^ and 1763 cm ^ support the presence of the uncyclized 
2-acetylbenzoic acid. The monomeric acid carbonyl absorption at 1763 
-1 -1 
cm is 16 cm higher in frequency than the comparable methyl ester as 
expected from solid and solution spectra of similar compounds. The 
absorption at 1809 cm ^ was due to either a contaminating phthalide or 
possibly to the cyclized 2-acetylbenzoic acid in equilibrium with the 
uncyclized acid. If the equilibrium established in the light pipe gave 
approximately equal concentrations of both forms, all three carbonyl 
absorptions would be observed. The ring-methylated phthalide at 1497 
gave the expected lactone absorption at 1813 cm ^ and dimethyl 3-methyl-
phthalate, 1542, had an ester absorption at 1751 cm . This downward 
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shift in the absorption frequency relative to dimethyl phthalate appears 
to be due to the inductive effect of the ring methyl group. Finally, 
the infrared spectra of the substituted methyl cinnamates were recorded 
and they support the proposed structures. The cis and trans aldehydic 
-1 -1 
acids, 1566 and 1616(A), gave absorptions at 1744 cm and 1717 cm 
which were exactly the same as methyl 2-formylbenzoate, 1354. The 
diester, 1619, absorption at 1744 cm was lower than the ester 
absorption for dimethyl phthalate, possibly because of the greater 
degree of conjugation in this system. 
The CI total ion current chromatogram shown in Fig. 4 provided 
useful information for only a few components of the mixture. Molecular 
weight information was obtained for the substituted methyl cinnamates, 
and this was the major reason for this analysis. The chromatographic 
profile of the remainder of the mixture had changed substantially which 
made correlation to the EI total ion current chromatogram difficult. 
When correct correlations could be made, both the EI and CI mass spectra 
of the product were included in the APPENDIX. 
The product mixture resulting from the reaction of 2-methylnaphtha-
lene with ozone in n-hexane is shown in Fig. 6, The mixture was rela­
tively simple and all of the products were easily characterized. 
Phthalaldehyde, 1238, 2-methylnaphthalene, 1291, phthalic anhydride, 
1310, methyl 2-formylbenzoate, 1354, and dimethyl phthalate, 1455(B), 
were all confirmed by comparison of the retention indices and mass spectra 
with authentic standards. The mass spectrum of methyl 2-formylbenzoate, 
1354, did not give a molecular ion, but the expected fragmentations. 
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Mt-15, Mt-28, and Mt-31, were present at m/z 149, 136, and 133. The 
ring-methylated analogues to 1354 appeared at 1474 and 1479(B). Their 
mass spectra were very similar to that of 1354 with fragmentations 
yielding ions at m/z 163 (M1"-15) , m/z 150 (Mt-28), m/z 149 (Mt-29), and 
m/z 147 (M^-Sl) . The molecular ion for 1479(B) was evident at m/z 178. 
Both of these aldehydic acids gave intense ions at m/z 91 and m/z 119 
as expected for a ring-methylated product. It was impossible to assign 
the correct structure of the two positional isomers with any certainty. 
The mass spectra were very similar and, unlike the methylated aldehydic 
acids for 1-methylnaphthalene, arguments cannot be made on the basis of 
gas chromatographic retention time. The ring methyl group is sterically 
well-removed from the aldehyde and ester group so the retention times of 
the two isomers were very similar. 
The product mixture which resulted from the reaction of 2-methyl-
naphthalene and ozone in methanol was shown in Figs. 6 and 7. The mix­
ture was more complex than that in n-hexane but, in this case, there 
was no problem in identifying all of the products in the mixture. This 
mixture was the best example in this investigation of how the GC-FTIR 
and GC-MS data complemented each other for product identifications. 
The retention index 1238 represented phthaldehyde by both the mass 
spectral and infrared data. Phthalic anhydride, 1310, was barely 
apparent in the total ion current chromatogram, eluting just in front 
of the phthalan derivatives at 1318 and 1321. The anhydride was 
apparent in the G-S trace, except that its elution order relative to 
1318 and 1321 changed in the GC-FTIR chromatogram. Phthalic anhydride's 
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concentration has also increased relative to the phthalans because the 
GC-FTIR data were recorded later than the GC-MS data. The concentration 
of the phthalans, 1318, 1321, was roughly equal to that of phthalic 
anhydride, 1310, in the G-S trace, but the two peaks' intensities varied 
tremendously. The simple reason for this was that the phthalans had no 
carbonyl absorption. The infrared spectrum showed only a very intense 
carbon-oxygen single bond stretch. These compounds yielded no molecular 
ion in the mass spectrum, but the expected loss of 31 for a methyl 
acetal resulted in the base peak. The aldehydic acid at 1354 gave car-
-1 -1 bonyl absorptions at 1744 cm and 1717 cm while its ring-methylated 
analogues, 1474 and 1479(B), gave absorptions at 1744 cm ^ and 1713 cm ^. 
The phthalide at 1402 and the ring-methylated phthalides at 1520 and 
1530 were apparent from their infrared spectra alone. The frequencies 
of lactone absorption were slightly lower for the ring-methylated 
-1 -1 phthalides at 1809 cm compared to 1813 cm for the unmethylated 
analogue. Dimethyl phthalate 1455(B) and dimethyl 4-methylphthalate, 
1574, have very similar mass spectra with the expected 14 mass unit 
difference in the base peaks. Interestingly, the rearrangement ion 
which occurred at m/z 176 for dimethyl 3-methylphthalate did not appear 
in the mass spectrum for the 4-methyl analogue. The "ortho effect" 
responsible for this ion was not possible because the ring methyl group 
was not ortho to the methyl ester. The phthalate peaks were more 
intense in the G-S trace because their concentrations had increased 
during the time period between GC-MS and GC-FTIR analyses. Finally, 
4-methylphthalaldehyde could have been easily overlooked in the total 
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ion current chromatograms, but its presence is strongly supported by the 
infrared data. Its carbonyl absorption occurred at 1717 cm ^ as 
opposed to 1720 cm ^  for phthalaldehyde. 
The product mixture for 2,3-dimethylnaphthalene in n-hexane was 
very similar to that for 2-methylnaphthalene. The total ion current 
chromatogram is shown in Fig. 8. The product mixture in n-hexane con­
tained phthalaldehyde, 1238, phthalic anhydride, 1310, methyl 2-formyl-
benzoate, 1354, and dimethyl phthalate, 1455(B), as major products. The 
product at 1557 is very likely 4,5-dimethylphthalaldehyde, but the mass 
spectrum was not entirely consistent for this compound. There was no 
molecular ion unlike that of phthalaldehyde and the ion at m/z 149 was 
not a rational fragmentation for this structure. The base peak, how­
ever, was at m/z 133, 14 mass units higher than the m/z 119 found for 
4-methylphthalaldehyde. The product at 1627 was the ring-methylated 
aldehydic acid expected for 2,3-dimethylnaphthalene, The fragmentations 
were similar to those for methyl 2-formylbenzoate except 28 mass units 
higher. Now, the ions at m/z 77 and m/z 105 which indicated aromatic 
structure were 28 mass units higher at m/z 105 and m/z 133. Once 
again, they were very intense and diagnostic for a ring^methylated 
product. 
The product mixture resulting from the reaction of 2,3-dimethyl­
naphthalene with ozone in methanol is shown in Figs. 8 and 9. Along 
with the expected products, the dimethyl acetal of methyl 2-formyl­
benzoate, 1455(A), was also present. The mass spectrum gave several 
clues to this compound's structure. The molecular ion was not present, 
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but the highest molecular weight fragment was m/z 195. Since the most 
common fragment losses for these ozonolysis products were 15 and 31, it 
was logical that the molecular weight was either 210 or 226; 210 being 
the molecular weight of the dimethyl acetal. The weak m/z 195 (Mt-15) 
and intense m/z 179 (M"t-31) were consistent for ester and dimethyl 
acetal functionality. The base peak at m/z 163 (Mt-47) probably re­
sulted from consecutive losses of methanol and a methyl radical. The 
infrared spectrum was extremely helpful in identifying this structure. 
Dimethyl phthalate 1455(B) and the dimethyl acetal 1455(A) were reason­
ably well-resolved on the thick-film column and the ester carbonyl 
-1 -1 
stretching frequencies were 1755 cm and 1747 cm , respectively. The 
acetal ester absorption was at a lower frequency because of increased 
conjugation between the ester carbonyl and the aromatic ring. Since the 
bulky methoxy groups on the acetal carbon do not have to reside in the 
plane of the ring, this leaves more room for the ester group to be 
coplanar. Dimethyl phthalate has both ester groups competing for 
coplanarity which creates some steric crowding and loss of conjugation. 
This steric effect on coplanarity of the ester group was also evident 
in methyl 2-acetylbenzoate, 1414, and methyl 2-formylbenzoate, 1354, 
where the ester carbonyl absorptions occur at 1747 cm ^ and 1744 cm 
respectively. 
Finally, the expected ring-methylated products for 2,3-dimethyl-
naphthalene eluted at 1627, 1680, and 1720. Only the phthalide at 
1680 was detectable by GC-FTIR. 
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Figure 10 illustrates some interesting comparisons between product 
mixtures of 2,3-dimethylnaphthalene in n-hexane and methanol. Gas 
chromatographic profiles for the ozonolyses in n-hexane are shown on the 
left-hand side of the figure, and those for the ozonolyses in methanol 
are shown on the right. The profiles at the top of the figure represent 
the product mixtures in each solvent immediately after the reaction was 
performed. The profiles in the middle of the figure represent the 
product mixtures of the same solutions after they were allowed to set at 
room temperature for 3 days before analysis. For the reaction in 
n-hexane, the two profiles differ very little qualitatively. The con­
centrations of each product were considerably higher after 3 days as 
this was sufficient time to allow the insoluble, polymeric ozonide to 
dissociate. The profiles for the reaction in methanol also differed 
very little qualitatively. With the exception of a few minor products, 
the products present immediately after the reaction were also present 
3 days after the reaction. The relative concentrations of the products 
in the profiles for the methanol reaction did differ substantially, but 
part of this difference was due to the losses of volatile components, 
particularly phthalaldehyde, 1238, during concentration. 
The chromatographic profiles at the bottom of the figure are for 
the reaction solutions in n-hexane and methanol which were allowed to 
set for 30 days at room temperature before analysis. The comparison of 
these profiles with the ones directly above them was weakened somewhat 
because the reaction solutions were different, but the comparison was 
still instructive. The 30-day profile for the reaction in n-hexane was 
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very complex and most of the products had longer retention times in­
dicating their boiling points were higher. The reason for this radical 
change in the product mixture probably had something to do with the 
peroxides known to be present in solution. These peroxides could have 
been responsible for oxidative degradation of the sample, particularly 
over a long period of time. This was supported by the fact that dimethyl 
phthalate crystallized from solution after it had set for several days. 
The 30-day profile for the reaction in methanol, however, was very 
similar to the 3-day profile. The product mixtures in methanol were 
reasonably stable for long periods of time. 
Figures 11 and 12 represent the total ion current chromatograms of 
the product mixtures for 1,2-dimethylnaphthalene reacted with ozone in 
n-hexane and methanol. The product mixture from n-hexane produced 
nothing unusual except for two minor products resulting from the 
cleavage of only one double bond in the methylated ring, 1618 and 1686. 
The reaction in methanol also produced one methyl cinnamate derivative, 
1611(A), and its trans isomer, 1685, much like what was found for 
1-methylnaphthalene in methanol. The two products in methanol found at 
1470 and 1479(A) were also observed for 1-methylnaphthalene, but their 
structure could not be determined. The product at 1296 appeared to be 
a phthalan derivative similar to that found for 2-methyl- and 
2,3-dimethylnaphthalene only, in this case, the dimethoxyphthalan must 
also be substituted with a methyl group. The base peak was at m/z 163 
(Mt-31) as expected for a methyl acetal, and there were also ions at 
m/z 179 (nt-lS) and m/z 193 (nt-l) which were consistent with the 
structure. 
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The product mixtures resulting from the reaction of 1,3-dimethyl-
naphthalene with ozone in n-hexane and methanol are shown in Figs. 13 
and 14. The reaction in n-hexane produced small amounts of one of the 
expected mono-ozonolysis products, 1547, and one of the two possible 
ring-methylated aldehydic acids, 1578. The reaction in methanol had the 
l-methyl-l,3-dimethoxyphthalan, 1296, as a major product. Because of 
its high concentration in this mixture, an infrared spectrum was 
recorded showing the lack of a carbonyl absorption. The minor product 
at 1279 appeared to have resulted from the loss of methanol from 1296. 
This loss of methanol very likely occurred in the injection port of the 
gas chromatograph. Since 1279 was probably an artifact of the analysis, 
it has been listed with 1296 in Table 6. The ring-methylated aldehydic 
acid, 1547, phthalide, 1606, and dimethyl phthalate, 1611(B), were also 
present in the methanol product mixture. The mass spectrum of compo­
nent 1611(B) was somewhat atypical for a dimethyl phthalate. The base 
peak was m/z 191 (Mt-31), but there was also an intense ion at m/z 207 
(nt-lS). Loss of 15 was expected for methyl esters, but this ion was 
either very weak or absent in the mass spectra recorded for other ring-
methylated phthalates. Also, an ion at m/z 190 (Mt'^32) would be 
expected for the methyl ester group ortho to the methyl group on the 
aromatic ring. This ion was intense for dimethyl 3-methylphthalate, 
1542, but absent in the mass spectrum of 1611(B), 
Figures 15 and 16 represent the total ion current chromatograms 
and G-S trace for the product mixtures resulting from the reaction of 
1,4-dimethylnaphthalene with ozone in n-hexane and methanol. The methyl 
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cinnamate, 1585, and cinnamaldehyde derivative, 1598, were major products 
for the reaction in n-hexane and this was the reason that this mixture, 
instead of the one in methanol, was analyzed by GC-FTIR. The mass 
spectra of the methyl cinnamate, 1585, and cinnamaldehyde derivative, 
1598, did not distinguish between them, but the infrared spectra did so 
readily. The carbonyl absorptions of 1585 occurred at 1740 cm ^ and 
1705 cm . The carbonyl absorptions of 1598 were unresolved and gave 
-1 
one average absorption at 1701 cm . Since the aldehyde absorption 
would be lower than normal as a result of the extended conjugation, its 
frequency was even closer to the acetyl absorption than it might nor­
mally have been without the conjugation. The major product for both the 
reactions in n-hexane and methanol was o-diacetylbenzene, 1399. This 
product was readily identified by comparison of its mass spectrum, 
infrared spectrum, and retention index with that of an authentic 
standard. The only other products worth noting were the isomeric 
l,3-dimethyl-l,3-dimethoxyphthalans eluting at 1328 and 1339. The 
mass spectra of the phthalan derivatives identified in other mixtures 
were similar to that of 1328 and 1339 and, therefore, helped identify 
these products. 
Ozonolysis Products in Water 
Previous studies had indicated that mono-ozonolysis products were 
usually not isolated after the ozonolysis of naphthalene derivatives 
because the second double bond which is olefinic was expected to be 
more reactive than the first double bond which is aromatic. Contrary 
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to the previous ozonolysis studies which involved the methyl- and 
dlmethylnaphthalenes, the mono-ozonolysis products were isolated and 
characterized in this investigation. The aqueous ozonolysis product 
mixtures from methyl- and dlmethylnaphthalenes contained larger amounts 
of the mono-ozonolysis products than the mixtures in the organic sol­
vents, and these products were produced from all six of the methyl-
and dlmethylnaphthalenes. The majority of the mono-ozonolysis products 
were ortho-substituted derivatives of cinnamaldehyde or methyl 
cinnamate. Although the simplest members of this class of compounds 
are known (56,70,140-142), the specific compounds characterized in this 
investigation have never been reported in the literature. A discussion 
of the mass spectral evidence for these compounds is presented in the 
following paragraphs. 
The EI mass spectra of all the mono-ozonolysis were similar and 
deceptively simple. A good example is the EI mass spectrum of product 
1545 in which the major product resulted from the reaction of 1-methyl-
naphthalene with ozone in water. The total ion current chromatograms 
for this product mixture are shown in Figs. 18 and 19. The EI mass 
spectra of the mono-ozonolysis products never showed a molecular ion 
and generally consisted of only two abundant ions. All other ions were 
very minor by comparison. One of the two ions occurred at m/z 115 with 
an intensity of 20-50% of the base peak. This ion was undoubtedly the 
indenyl ion. The other major ion was the base peak, and it was the most 
important ion in the structural characterization of all the mono-
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ozonolysis products. For product 1545, the base peak clearly resulted 
from the loss of a formyl radical. 
Strong evidence for the specific nature of this base peak frag­
mentation came from the mass spectra of the mono-o zonolys is products 
obtained for 1,4- and 2,3-dimethylnaphthalene. These symmetrical 
dimethylnaphthalenes could only give one possible mono-ozonolysis prod­
uct if one assumes that ozone attacks only the methlyated ring and the 
two carbonyl functionalities exist solely as either an aldehyde or a 
ketone. The mono-ozonolysis products of 1,4- and 2,3-dimethylnaphtha­
lene reacted in water are represented by retention indices 1598 and 1549 
and are shown in Fig. 33. The base peaks for each of these two products 
indicate that the carbonyl functionality adjacent to the double bond 
has been lost. 
The mono-ozonolysis products which resulted from the ozonolysis 
of 1,4-dimethylnaphthalene in n-hexane provided further evidence for 
this base peak fragmentation. Both products 1585 and 1598 are shown 
in Fig. 33. The base peak, m/z 159, in these EI mass spectra indicated 
again that the functional groups adjacent to the double bond were lost 
to form the base peak. Both the CI mass spectra and the IR spectra 
supported the loss of a carboxyl radical for 1585 and a formyl radical 
for 1598. The base peak fragmentation was obviously not dependent upon 
the nature of the group or radical being eliminated. The carboxyl, 
formyl, and acetyl radicals were all lost with equal ease. 
The major mono-ozonolysis product which resulted from the reaction 
of 2-methylnaphthalene with ozone in water also supported the specific 
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1549 
1585 
1598 
;ocH •> M/Z 145 
^ M/Z 159 
4. M/Z 159 
Figure 33. Mono-ozonolysis products from 2,3-dimethylnaphthalene, 1549, 
and 1,4-dimethylnaphthalene, 1585 and 1598, along with the 
base peak m/z from each compound's EI mass spectrum 
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nature of this base peak fragmentation. Two mono-ozonolysis products 
were possible for 2-methylnaphthalene, assuming oxidation of only the 
methylated ring and the formation of only aldehyde and ketone carbonyl 
functionalities. The structures of the two possible products are shown 
in Fig. 34. The major mono-ozonolysis product from 2-methylnaphthalene 
1517 
HO 
M/Z 131 
1554 
o 
M/Z 145 
Figure 34. The two possible mono-ozonolysis products resulting from the 
oxidation of the methylated ring of 2-methylnaphthalene 
occurred at retention index 1517 and is shown in Figs. 21 and 22. The 
base peak at m/z 131 in the EI mass spectrum of this product could have 
only resulted from the loss of an acetyl radical from the molecular ion. 
This fragmentation was consistent with the results for the symmetrical 
dimethylnaphthalenes, only if an acetyl group was substituted on the 
double bond carbon. Therefore, the indicated structure for 1517 is 
shown in Fig. 34. The other possible mono-ozonolysis product lost a 
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formyl radical, regardless of whether it was from the double bond or 
the aromatic ring, and gave a base peak of m/z 145. 
The fragmentation producing the base peak in the EI mass spectra 
for the remainder of the mono-ozonolysis products occurred in the manner 
just described. Product 1545, from the ozonation of 1-methylnaphthalene, 
had to lose a formyl radical to give the base peak at m/z 145. In 
this case, the base peak fragmentation did not distinguish between the 
two possible mono-ozonolysis products shown in Fig. 35. Both products 
1545 1622 
,^H0 
HO 
O 
_>CHO 
M/Z 145 M/Z 145 
Figure 35. The two possible mono-ozonolysis products resulting from the 
oxidation of the methylated ring of 1-methylnaphthalene 
1545 and 1622 would lose a formyl radical from the double bond to give 
a base peak at m/z 145. The reaction of 1-methylnaphthalene in methanol 
helped clarify this point. The product 1566 and its trans isomer 
1616(A) gave molecular weights as determined by CI, which indicated that 
the compounds' functionality consisted of a methyl ester and either an 
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ortho acetyl group or an ortho formyl group with a methyl group in the 
appropriate position on the double bond. The infrared absorption at 
1717 cm for both compounds was a strong indication that an aldehyde, 
not a ketone, was present in the molecule. Therefore, the structures 
must be as indicated in Table 6. The diester 1619 had a base peak at 
m/z 175 indicating that the double bond must be substituted with a 
methyl group. Since all three of these mono-ozonolysis products in 
this mixture resulted from the cleavage of the double bond between 
carbons 3 and 4 in 1-methylnaphthalene, it seemed only logical that 
product 1545 also resulted from the same cleavage. 
Product 1583, shown in Figs. 18 and 19, was most likely the trans 
isomer of 1545. This judgement was based primarily on the fact that 
this compound's EI and CI mass spectra were exactly the same as those 
for 1545. The gas chromatographic retention time also supported this 
conclusion since the trans isomer would be expected to have a longer 
retention time. Isomerization of the double bond in this mixture, as 
well as in several of the others, was probably promoted by the acid 
added to the mixtures before extraction. 
All four possible mono-ozonolysis products were produced for the 
reaction of 2-methyInaphthaiene with ozone in water. Their trans 
isomers were also present, as shown in Figs. 21 and 22, to make a total 
of eight mono-ozonolysis products. Product 1517 and its trans isomer 
1621 were easily recognized by their base peak at m/z 131 in the EI mass 
spectrum. The products resulting from the cleavage of the other double 
bond in the methylated ring and from the cleavage of either double 
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bond in the unmethylated ring gave products with base peaks at m/z 145 
in the EI spectra. The EI mass spectra were all very similar and of 
little use in distinguishing between these compounds. Except for a few 
minor differences, the same could be said for the CI spectra. Conse­
quently, the structure assignments were based on the following arguments. 
The spectra of products 1554 and 1569 were almost exactly the same, 
therefore, they were assumed to be cis and trans isomers. Since their 
concentrations were considerably higher than the later eluting products, 
these two products probably represented the other mono-ozonolysis 
product resulting from the oxidation of the methylated ring. The 
mono-ozonolysis products resulting from the oxidation of the unmethylated 
ring were expected to have very similar retention indices since they 
differed only in the position of the methyl group on the ring. This was 
shown to be the case for the ring-methylated aldehydic acids charac­
terized from the 2-methylnaphthalene product mixtures in n-hexane and 
methanol. Therefore, it seemed likely that products 1601 and 1612 
were the cis positional isomers representing the ring-methylated mono-
ozonolysis products, and products 1658 and 1664 were the corresponding 
trans isomers. 
The mono-ozonolysis product which resulted from the reaction of 
2,3-dimethylnaphthalene with ozone in water has already been discussed. 
The total ion current chromatogram for this product mixture, shown in 
Fig. 23, indicates that the trans isomer of product 1549 eluted at 1638. 
As expected, its EI mass spectra was exactly the same as that for 1549. 
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The mono-ozonolysis product produced from the aqueous ozonolysis of 
1,2-dimethylnaphthalene eluted at the retention index of 1618 in Fig. 25. 
The base peak at m/z 159 in the EI mass spectra of 1618 indicated that 
this product resulted from the cleavage of the bond between carbons 3 
and 4 of 1,2-dimethylnaphthalene. The other possible mono-ozonolysis 
product would have given a base peak at m/z 145 based on what was known 
about this fragmentation. The trans isomer of product 1618 apparently 
was not formed. 
The product mixture resulting from the aqueous ozonolysis of 1,3-
dimethylnaphthalene contained both possible mono-ozonolysis products 
resulting from the oxidation of the methylated ring. The total ion cur­
rent chromatogram is shown in Fig. 26. Once again, the base peak 
fragmentation distinguished between these two products. Product 1547 
must have resulted from the breaking of the bond between carbons 3 and 
4. The acetyl group was lost from the double bond of this product to 
produce the base peak at m/z 145. Product 1637 resulted from the 
cleavage of the bond between carbon atoms 1 and 2, and must have lost a 
formyl group from the double bond to give a base peak at m/z 159. 
Finally, the mono-ozonolysis product which resulted from the reac­
tion of 1,4-dimethylnaphthalene with ozone in water gave a base peak at 
m/z 159 as discussed earlier. The trans isomer of this product was also 
present in this mixture at retention index 1639 as shown in Fig. 27. 
All the data strongly indicated that the mono-ozonolysis products 
routinely lost the carbonyl functionality at the double bond to produce 
the most abundant fragment-ion in the mass spectrum. The structure of 
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this fragment-ion had to be very stable to account for its high 
abundance. The fragmentation schemes in Fig. 36 postulate two struc­
tures which could account for this even-electron ion's unusual stability. 
Molecular ion formation for any of the mono-ozonolysis products undoubt­
edly resulted from the loss of a nonbonding electron from one of the 
two carbonyl oxygens in the molecule. This carbonyl oxygen could not 
undergo a radical-site rearrangement with radical displacement to pro­
duce one of two very stable cyclic ions, I and II, depending on which 
carbonyl oxygen initiated the rearrangement. This type of rearrange­
ment is unusual, but known to occur (137). Fragment-ion I is a sub­
stituted chroman whose parent structure is known to give abundant 
fragment-ions from mass spectral analysis (143). Fragment-ion II is a 
substituted isochroman which must be responsible for the base peaks of 
the mono-ozonolysis products. This ion is resonance stabilized, but 
not to the degree of chroman structure I. The question then arises as 
to why structure II predominates in the mass spectra when it is less 
stable than I. The explanation comes from the steric requirements for 
cyclization. Both cyclizations proceed through a favorable six-
member ed ring transition state, but for fragment-ion I, the conjugated 
carbonyl must exist in the less favorable s-cis conformation. The 
formation of fragment-ion II can occur with the conjugated carbonyl in 
the more favorable s-trans conformation. 
It was interesting to note that fragment-ion I in Fig. 36 was 
present in many of the EI mass spectra, although its intensity was 
generally only 5-20% of the base peak. The products 1566 and 1616(A) 
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Figure 36. The radical-site rearrangement with radical displacement 
(II) which explains the base peak fragmentation in the 
mono-ozonolysis products 
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from the ozonolysis of 1-methylnaphthalene in methanol both showed ions 
of low abundance at m/z 175 which resulted from the loss of the formyl 
radical from the ring. Products 1517 and 1621 from the ozonolysis of 
2-methylnaphthalene in water both produced ions of moderate intensity 
at m/z 145 which also resulted from the loss of the formyl radical from 
the ring. Similar observations can be made for the mono-ozonolysis 
products 1549 from 2,3-dimethylnaphthalene, 1547 from 1,3-dimethyl-
naphthalene, and 1585 from 1,4-dimethylnaphthalene. 
The primary benefit of the isobutane CI mass spectra was the 
usually intense MH"*" ion which indicated the molecular weight of the 
molecule. The reactant ion has a high enough proton affinity so 
that the protonation of the sample molecule was more selective and not 
nearly as exothermic as the protonation initiated by the reactant 
ion when methane was used as a reagent gas. Since less energy was 
imparted to the protonated molecular ion, the isobutane CI mass spectra 
usually demonstrated little, if any, fragmentation. There were some 
exceptions to this statement, however. The CI spectra for products 
1545, 1566, 1583, 1616(A), and 1619 obtained from the reaction of 
1-methylnaphthalene in water and methanol produced a substantial 
amount of fragmentation. The decomposition of the even-electron pro­
tonated molecular ion normally preferred to dissociate to an even-
electron fragment-ion with the elimination of a small neutral molecule. 
This decomposition mechanism was evident for products 1566, 1616(A), 
and 1619 where the loss of methanol (MH^-32) from the methyl ester 
group produced a reasonably abundant fragment. The elimination of 
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methanol is common in the CI spectra of methyl esters (139) and, in this 
case, it probably resulted from the transfer of a proton from the 
neighboring carbonyl oxygen in to the ether oxygen of the methyl 
ester group. The fragments at MH^-18 (H^O), MH^-30 (CH^O), and MH^-16 
(HCOgCHg) in these three products and MH^-46 in product 1545 were less 
easily explained. These fragments probably resulted from even-electron 
ion dissociation which involved some sort of rearrangement. The close 
proximity of the functional groups in these molecules was obviously 
conducive to rearrangement. 
Finally, some general observations can be made concerning the mono-
ozonolysis products. For most of the ozonolysis reactions performed, 
one mono-ozonolysis product predominated at the end of the reaction. 
The products characterized from 1-methylnaphthalene in Figs. 3 and 18 
all resulted from the initial oxidation of the double bond between car­
bons 3 and 4 in the naphthalene ring system. Only trace amounts of the 
product resulting from the oxidation of the other double bond in the 
methylated ring, product 1622, were detected in these reactions. A 
significant amount of 1622 was produced when the ozonolysis in water 
was repeated using less ozone, as shown in the chromatograms of Fig. 19, 
but its concentration still was less than that of product 1545- Evi­
dently, the methylated double bond of product 1545 was less reactive 
towards ozone than the unmethylated double bond of product 1622. Like­
wise, of the two possible mono-ozonolysis products produced from 1,2-
dimethylnaphthalene and 1,3-dimethylnaphthalene, one predominated at 
the end of the reaction. In both cases, the product with the vinyl 
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methyl group alpha to the ring persisted to a greater degree, or to the 
total exclusion of the products which did not have this structural 
feature. The mono-ozonolysis products for 2-methyInaphthaiene did not 
possess this structural feature and, possibly as a consequence, their 
concentrations were more evenly distributed and lower than the products 
from the other naphthalene derivatives. 2-Me thyInaph thaiene did not 
ever produce mono-ozonolysis products when reacted in the organic sol­
vents even when the reaction in n-hexane was stopped before 2-methyl-
naphthalene was totally consumed. Figure 37 gives an explanation for 
these observations. The double bond of the mono-ozonolysis products 
will have a strong tendency to remain coplanar with the ring even at the 
expense of the loss of coplanarity for the carbonyl in the ortho posi­
tion. Qualitative arguments based on molecular models should suggest 
H3 
Figure 37. Syn and anti conformations of the double bond for product 
1545 
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that the double bond of product 1545 has the greatest chance for coplan-
arity if it exists in the anti conformation with its carbonyl in an 
s-trans orientation. However, even in the anti conformation, steric 
interactions are not completely eliminated, and there is a very good 
chance that one or both carbonyl groups and maybe even the ring are 
twisted out of coplanarity with the double bond (144). If this were 
true, then the carbonyl groups would hinder ozone's orthogonal approach 
to the bond during ozonolysis. The obvious result is that this bond is 
less reactive toward ozone. The lack of this vinyl methyl substituent 
in 2-methyl- and 2,3-dimethylnaphthalene should lessen the steric inter­
actions considerably and allow the double bond to retain its usually 
high reactivity toward ozone. This was probably the reason why these 
two compounds yielded no mono-ozonolysis products in the organic 
solvents. 
Steric interactions were obviously very important to the reac­
tivity of the second double bond, and they very easily explain the pre­
dominance of mono-ozonolysis products for all six compounds reacted in 
water. The aldehydes and ketones would have a strong tendency to be 
solvated and/or hydrated in dilute aqueous solution. The water mole­
cules involved in hydration or solvation would add bulk to the carbonyl 
substituents and greatly increase the steric interactions for all mono-
ozonolysis products. As a result, these products were characterized 
for all six methyl- and dimethylnaphthalenes at the end of the aqueous 
reactions, and they were present in much greater amounts than were found 
from the ozonolyses in the organic solvents. 
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The steric interactions for the aldehyde-ester, 1566, and the 
diester, 1619, are worse than the dialdehyde, 1545, although perhaps 
only marginally worse. It is interesting that the infrared carbonyl 
absorptions for 1566, 1619, and even the trans aldehyde/ester, 1616(A), 
demonstrate no unusual effects resulting from an increase or decrease 
in conjugation. The aldehyde and ester absorptions occur at the same 
frequencies as those for methyl 2-formylbenzoate, namely 1717 cm ^ and 
1744 cm It is possible that these carbonyl frequencies were "normal" 
because the high temperatures of this gas phase measurement imparted a 
considerable amount of energy to the molecule and allowed greater con­
formational freedom to all functionality. These "normal" carbonyl fre­
quencies also strengthened the argument that solvation has an important 
effect on carbonyl coplanarity and the molecules' reactivity towards 
ozone. The carbonyl frequencies for products 1585 and 1598 were unusual. 
Products 1598 had unresolved aldehyde and acetyl carbonyl absorptions 
at 1701 cm some 16 cm ^ lower than the analogous 2-acetylbenzaldehyde. 
Product 1585 demonstrated acetyl and ester absorptions at 1705 cm 
-1 -1 
and 1740 cm and an absorption at 1481 cm which was many times more 
-1 intense than the carbonyl absorption. The absorption at 1481 cm was 
possibly due to a stretching vibration of an enol. 
A second important characteristic of the water reactions was that 
all the products characterized were aldehydes and ketones. The decom­
position of the initial peroxidic products in water did not produce any 
carboxylic acids. This was a radical departure from the product mix­
tures in organic solvents where acids were always present and were 
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usually the major products. The lack of acids from the reactions in 
water did present one problem. The diazomethane which was added in early 
reactions to derivatize the acids ended up reacting instead with the 
aldehydes and ketones, complicating the mixtures considerably. One of 
the reactions of diazomethane with the aldehydes was predictable and 
amounted to the insertion of diazomethane into the carbonyl carbon-
hydrogen bond, as was shown earlier in Fig. 29. This reaction produced 
0-diacetylbenzene, 1399, in the mixture resulting from the ozonolysis of 
1-methylnaphthalene and produced 2-acetylbenzaldehyde, 1334, in the mix­
ture from 2-methylnaphthalene. Unfortunately, this was not the only 
reaction that diazomethane initiated. Diazomethane derived products 
1308 and 1444 were also found in several product mixtures, but they 
could not be characterized by their mass spectra alone. 
The decomposition of the peroxidic products formed initially in 
water probably was not influenced by the acidification of the product 
mixture. Making the product mixture first basic and then acidifying 
before extraction had a tremendous effect on both the peroxidic and 
nonperoxidic products. Figure 18 shows the total ion current chro-
matograms for each half of a product mixture from 1-methylnaphthalene 
where one half of the mixture was treated with acid and the other half 
was treated with base and then acid before extraction. The chromatogram 
at the bottom of the figure demonstrated that the base had three 
effects on the product mixture. First, the base and the hydrogen per­
oxide present from the decomposition of the peroxides promoted oxida­
tion of the aldehydric products, i.e., methyl 2-acetylbenzoate, 1414, 
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which was present in small amounts. Second, the base promoted some 
oxidative decomposition of the peroxidic products. The ring-methylated 
aldehydic acid, 1466, must have resulted directly from the reaction of 
the base with the peroxides since the corresponding dialdehyde was not 
present in the half of the mixture treated only with acid. Third, base 
promoted intramolecular aldol condensations involving 2-acetylbenzalde-
hyde and the mono-o zo noly s is product 1545. Both the cyclic alcohols 
1469 and 1656 produced broad, tailing peaks in the chromatogram as 
expected for the polar hydroxy1 group. Their CI mass spectra gave 
abundant fragmentations of MH -18 resulting from the loss of water. 
The base treatment of the ozonolysis product mixtures obviously did 
more harm than good. The yields of nonperoxidic products was not im­
proved over treatment with only acid as the aldehydes and ketones 
present were either oxidized or made to undergo various reactions such 
as aldol condensations. These reactions of the aldehydes and ketones 
complicated the product mixture considerably. This result has inter­
esting implications for the analysis of complex environmental samples. 
Very often the approach used for the analysis of these complex samples 
involves acid-base fractionation to simplify the mixtures. The results 
discussed above indicate that the use of base in such a scheme could have 
a detrimental effect on mixture integrity if many aldehydes and ketones 
are present. 
Finally, one last point of interest regarding the ozonolyses in 
water. Ozone had little tendency to oxidize the aldehyde functional 
group directly, even after extended periods of ozonolysis. Figure 20 
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very clearly shows this in the chromatograms for the product mixtures 
resulting from the reaction of 1-methylnaphthalene with 4, 12, and 48 
molar equivalents of ozone. Figure 24 makes the same comparisons for 
2,3-dimethylnaphthalene. As the amount of ozone used for the reaction 
of 1-methylnaphthalene was increased from 4 to 12 to 48 equivalents, 
predictable changes in reactant and product concentrations occurred. 
The concentration of the starting material, 1-methylnaphthalene, 
decreased to zero as the concentrations of the mono-ozonolysis products 
and 2-acetylbenzaldehyde, 1334, increased. At 48 equivalents, the 
mono-ozonolysis products have completely disappeared and the concentra­
tion of 1334 has been greatly reduced. Experiments indicated that 1334 
was not being removed from solution by purging and the absence of 
2-acetylbenzoic acid indicated that ozone was not oxidizing its aldehyde 
group. Ozone, instead, was reacting with the double bonds of the 
benzene ring to reduce the concentration of 1334. This is an excellent 
example of the remarkable selectivity of one of the most powerful 
oxidants known. 
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SUMMARY AND CONCLUSIONS 
Several general trends are apparent for the ozonolyses of the 
methyl- and dimethylnaphthalenes in n-hexane, methanol, and water. 
First and, probably most important, is the fact that the reac­
tions in all three solvents produced products which were predictable on 
the basis of the earlier literature. All of the products resulted from 
the normal ozonolysis of one or both double bonds in the naphthalene 
ring system, and the subsequent degradation of the peroxidic products 
to aldehydes, ketones, and acids. Nothing unusual occurred such as 
methyl group oxidation, ring hydroxylation, or epoxide formation. 
Second, the oxidation of the methylated ring of the naphthalene 
derivative was favored over the oxidation of the unmethylated ring. 
Ring-methylated products resulted from this less favored oxidation of 
the unmethylated ring. The total molar yield of the ring-methylated 
products averaged 15% for the methylnaphthalenes and 5% for the dimethyl-
naphthalenes in the organic solvents. The ozonolysis of 2-methyl-
naphthalene in water yielded a product distribution similar to its 
reaction in n-hexane and methanol. The aqueous ozonolyses of 1-methyl-
naphthalene and the dimethylnaphthalenes yielded no ring-methylated 
products. Based on these results, ozone appeared to be a slightly more 
selective oxidant in water. 
Third, the decomposition of the polymeric oxonides and monomeric 
peroxides to nonperoxidic products occurred to an appreciable extent 
in all three solvents. The yields of gas chromatographable products 
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generally exceeded 60%, thus, for most of the reactions, the majority of 
the reacted naphthalene derivatives were accounted for in the product 
mixtures characterized. 
Fourth, the decomposition of the peroxidic products in n-hexane and 
methanol showed a marked tendency to produce aldehyde-acid or ketone-
acid functional group pairs in the products. This was particularly 
true for the reactions in methanol. It was possible that some of the 
carboxylic acids present in the organic solvents were the result of the 
oxidation of aldehydes by peroxides present in solution. The product 
mixtures for 1-methyl- and 1,4-dimethylnaphthalene also indicated that 
some acetyl groups were oxidized to carboxylic acids. The peroxidic 
environment present in solution was the probable cause of these oxida­
tions. In sharp contrast to the reactions in n-hexane and methanol, the 
initial peroxidic products formed in water decomposed entirely to 
aldehydes and ketones. No carboxylic acids were produced from the 
ozonolyses in water. Ozone and the hydrogen peroxide which was present 
from the decomposition of the peroxidic products did not oxidize the 
aldehydes and ketones to acids. 
Finally, products were characterized in all three solvents which 
result from the ozonolysis of only one double bond in the naphthalene 
ring system. The previous literature (10,56,70) had indicated that 
these mono-ozonolysis products would not normally be isolated. Only in 
the special case of 1- and 2-naphthol had such products been reported. 
These products were characterized in this investigation for 1-methyl-
naphthalene, 1,2-, 1,3-, and 1,4-dimethylnaphthalene in the organic 
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solvents and for all six methyl- and dimethylnaphthalenes in water. 
These olefinic products were isolated because they were less reactive 
toward ozone than the starting naphthalene derivatives. The experimental 
results indicate that there were stereochemical reasons for the de­
creased reactivity. When a mono-ozonolysis product had a methyl sub­
stituent on the double bond carbon alpha to the ring, steric interac­
tions were increased to the extent that the coplanarity of the double 
bond with the carbonyls and possibly benzene ring was reduced. The 
result was that the double bond became less susceptible to attack by 
ozone. When the methyl substituent was not in this position, the steric 
interactions were less severe. Thus, 2-methylnaphthalene and 2,3-
dimethylnaphthalene did not yield mono-ozonolysis products in n-hexane 
and methanol. When the reactions were performed in water, the steric 
interactions were made more severe in all mono-ozonolysis products 
becasue of solvation and hydration of the molecules' carbonyl func­
tionality. The result was that these products were present in large 
amounts for all six methyl- and dimethylnaphthalenes when they were 
reacted with ozone in water. 
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SUGGESTIONS FOR FUTURE WORK 
The results of this investigation have left several questions 
unanswered. The need for additional research to answer these questions 
is discussed briefly in the paragraphs below. 
The peroxidic products from the ozonolyses of the methyl- and 
dimethylnaphthalenes in the three solvents were not characterized during 
this investigation. This was unfortunate since characterizations of the 
peroxidic products would have improved the mass balances for the 
ozonolyses studied and also given specific mechanistic information. The 
ozonolysis product mixtures in water and methanol yielded monomeric 
hydroxy- and raethoxyhydroperoxides which could have been characterized 
by reversed phase HPLC using both EC and UV detectors. The structure of 
the ozonide formed in nonparticipating solvents such as n-hexane has 
been a subject of controversy for many years as indicated in the 
LITERATURE REVIEW. Mass spectral analysis using some of the newer soft 
ionization techniques might give some insight into the structure of 
this ozonide. 
The structure and chemistry of the mono-ozonolysis products should 
be investigated further. Proton and carbon-13 NMR spectra and solution 
IR spectra would be very useful in confirming the structure of these 
compounds. Kinetic studies would yield the relative reaction rates for 
the ozonolyses of the mono-ozonolysis products and the starting 
naphthalene derivatives in various solvents. This would allow structural 
features of the compounds to be correlated with the reaction rates so 
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that the exact nature of the mono-ozonolysis products* lack of reactivity 
with ozone could be determined. 
Some of the ozonolysis products characterized in this investiga­
tion may be useful as synthetic precursors or starting materials. This 
is particularly true for the reactions in water, where products were 
limited to aldehydes and ketones, and for the mono-ozonolysis products 
where the cis orientation of the functionalized double bond would be 
difficult to obtain by any other reaction sequence. One of the simplest 
and highest yielding syntheses of phthalaldehyde, long recognized as a 
valuable synthetic precursor, involves the aqueous ozonolysis of 
naphthalene (36). A similar ozonolysis of 1-methylnaphthalene would 
very likely give high yields of 2-acetylbenzaldehyde. This simple com­
pound is not commercially available and would be difficult to synthesize 
by any other route. 
Finally, the analytical methodology involved in isolating low con­
centrations of the polar ozonolysis products from water merits more 
attention than it received in this investigation. It is possible that 
alternatives to liquid-liquid extraction such as resin adsorption and 
ion-exchange would give higher recoveries of the aldehydes, ketones, 
and acids. 
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